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Prevention  and  Treatment  of  the  Gastric  Symptoms 
of  Radiation  Sickness 

Andre  Dubois  and  Nancy  Fiala 
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Di  A,.  El  vl  N..  B<)W4Ro.  C.  a.,  and  Bouo.  V.  Prevention  and  Treatment  of  the 
Castnc  Svmpioms  of  Radiation  Sickneu.  Radial  Res.  IIS,  5‘>5-604(  1988). 

Currently  available  treatments  for  radiation-induced  nausea  and  vomiting  either  are  ineffec¬ 
tive  or  reduce  performance.  The  new  antiemetic  and  gastrokinetic  agent  zacopride  was  tested 
in  rhesus  monkeys  to  assess  its  behavioral  toxicity  and  its  ability  to  inhibit  radiation-induced 
emesis.  Zacopride  ( intragastne.  0..^  mg/kg)  or  a  placebo  was  given  blindly  and  randomly  in  the 
basal  state  and  1 5  min  before  a  whole-body  800  cGy  “Co  y-radiation  dose  (except  for  the  legs 
which  were  partially  protected  to  permit  survival  of  some  bone  marrow).  We  determined  ( I ) 
gastric  emptying  rates'  (2)  the  presence  and  frequency  of  retching  and  vomiting;  and  (3)  the 
effect  of  zacopnde  on  the  performance  of  a  visual  discrimination  task  in  noniiradiated  subjects. 

No  vomiting,  retching,  or  decreased  performance  was  observed  after  either  placebo  or  zacopnde 
in  the  control  state.  Following  irradiation  plus  placebo.  70  emeses  were  observed  in  5  of  6  mon¬ 
keys.  and  353  retches  were  observed  in  all  6  monkeys.  In  contrast,  only  I  emesis  was  observed 
in  I  of  h  monkeys  and  173  retches  were  seen  in  4  of  6  monkeys  after  irradiation  plus  zacopnde 
1 P  <0.0 1 ).  Zacopnde  also  signihcanily  inhibited  radiation-induced  suppression  of  gasthc  emp¬ 
ty  mg.  When  given  after  the  tint  vomiting  episode  m  a  separate  group  of  irradiated  monkeys, 
zacopnde  completely  prevented  any  subsequent  vomiting.  The  present  results  demonstrate  that 
intragastne  administration  of  zacopride  significantly  inhibited  radiation-induced  retching,  vom¬ 
iting,  and  suppression  of  gastne  empty  ing  in  rhesus  monkeys  and  did  not  cause  detectable  behav¬ 
ioral  side  effects  when  given  to  nonradiated  monkeys.  This  observation  has  important  implica¬ 
tions  in  the  treatment  of  radiation  sickness.  <  ivss  Academic  Pieia.  Inc 

INTRODUCTION 

Therapeutic  and  accidental  exposure  to  doses  of  radiation  greater  than  150  cGy 
causes  nausea,  vomiting,  and  suppression  of  gastric  emptying  in  man.  monkeys,  and 
dogs  ( /-“f ).  In  addition,  the  normally  low  doses  of  radiation  that  may  be  encountered 
in  space  could  play  a  role  in  the  man-space  program,  because  some  of  the  symptoms 
observed  in  space  sickness  and  radiation  sickness  are  similar  (5).  Medications  cur- 
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rcntly  a\  ailable  to  treat  radiation-  and  space-induced  nausea  and  vomiting  either  are 
ineffective  or  reduce  performance  ability.  Fore.xample.  we  previously  reported  (4.  6) 
that  metcK'lopramide.  but  not  domperidone,  effectively  prevents  radiation-induced 
\omiting  in  rhesus  monkeys.  However,  metoclopramide  is  known  to  cause  involun¬ 
tary  movements  in  treated  patients  (7). 

Recently,  several  benzamide  derivatives  of  the  metoclopramide  class  have  been 
introduced  for  the  treatment  of  emesis  and/or  gastroparesis.  and  these  derivatives 
may  not  have  behavioral  side  effects.  Therefore,  we  evaluated  the  action  of  one  of 
these  agents,  zacopride,  on  radiation-induced  vomiting  and  gastric  suppression  in 
rhesus  monkeys.  Specifically,  we  studied  the  possibility  of  preventing  and  treating 
radiation-induced  vomiting  and  suppression  of  gastric  emptying  using  zacopride.  We 
also  determined  the  possible  side  effects  of  this  therapeutic  agent  on  gross  behavior 
and  on  performance  of  a  visual  discrimination  task. 

MATERIAL  AND  METHODS 

rwemv-Cour  male  domestic  rhesus  monkeys.  Macaca  mulatla.  mean  weight  .t.l  ±  0.2  kg.  were  used  in 
these  evpenments.  Monkeys  were  quarantined  on  arrival  and  screened  for  evidence  of  disease  before  being 
released  from  quarantine.  I  hey  were  maintained  in  an  AALAC  accredited  facility  and  were  held  in  individ¬ 
ual  stainless  steel  cages  in  conventional  holding  rooms  maintained  at  21  ±  I'C  with  50  ±  10%  relative 
humidity.  Animals  were  on  a  12-h  light/dark  full-spectruri  lighting  scale  with  no  twilight  and  were  pro¬ 
vided  with  tap  water  ud/t/iirum.  commercial  primate  chow,  and  fruits. 

After  adaptation  to  a  pnmaie-resiraining  chair,  si*  monkeys  were  trained  to  discriminate  between  a 
circle  and  a  square  (coaect)  randomly  presented  every  10  s  on  backlit  press-plates,  mounted  on  an  eye- 
level  response  panel  (<^).  An  incorrect  response  or  failure  to  respond  within  0.8  s  resulted  in  a  3-mA  shock. 
Incoming  efficiency  on  the  visual  discrimina'ion  task  was  9’’  ±  2%  in  the  six  monkeys.  Percentage  correct 
choice  was  assessed  during  18  min  ( 100  trials)  before,  and  fer  180  min  ( lOOO  trials)  after,  oral  administra¬ 
tion  of  a  placebo  or  zacopride  (AHR  1 1 190B.  A.  H.  Robins  Co.  Richmond.  VA).  A  repeated  measure 
design  was  used  as  follows:  (a)  baseline  control  without  oral  administration  of  fluid:  and  (b)  blind  adminis¬ 
tration  of  either  0.. 3  mg/kg  zacopride  in  5%  glucose  solution  or  0.2  ml/kg  of  5%  g'ucose  solution. 

T welve  other  chair-adapted  monkeys  were  studied  on  3  separate  days  aOer  an  overnight  fast  as  follows: 

( 1 1  and  ( 2 1  on  two  control  days  after  random  and  blind  intragastric  administration  of  either  placebo  (0.2  ml/ 
kg)  or  zacopnde  <0.3  mg/kg),  and  ( 3 )  on  irradiation  day  after  intragastric  administration  of  either  placebo  or 
zacopride  given  blindly  and  in  random  order  15  min  before  exposure.  These  doses  of  zacopride  were 
selected  based  on  previous  monkey  experiments  tunpublished  observations)  demonstrating  that  these 
doses  did  not  produce  noticeable  side  effects.  Studies  were  performed  in  the  morning  and  started  30  min 
after  drug  administration  and  15  min  aftereither  sham-radiation  (on  control  days)  or  radiation  exposure. 

On  control  days,  the  animals  were  brought  to  the  exposure  room  and  the  doors  were  closed  for  3  min. 
but  no  radiation  was  deliveied.  On  irradiation  day.  monkeys  were  placed  between  two  large,  lO’-Ci  “Co 
irradiators,  and  the  animals  received  nonuniform  radiation  exposure  through  positioning  of  lead  wall 
shields  in  front  of  and  behind  their  legs(V).  Phantom  studies  demonstrated  that  a  I -min  exposure  resulted 
in  midtissuc  doses  of  8(X)c<iy  for  tors*)  and  abdomen.  896  cGy  for  head.  584  cGy  for  femurs,  and  425  cGy 
for  tibiae  (V) 

The  SIX  remaining  monkeys  were  studied  once  in  the  basal  state  without  treatment  and  again  after  irradi¬ 
ation  asdesenbed  above  but  wi'hout  drug  administration  prior  to  exposure.  After  one  episode  of  vomiting 
had  occurred.  0.3  mg/kg  zacopnde  was  given  intragastrically.  and  the  study  was  performed  as  described 
above.  If  vomiting  recurred  again  within  3  min  of  zacopnde  administration,  a  second  dose  of  medication 
was  administered. 

Each  monkey  was  monitored  for  3  h  on  control  days  and  6  h  on  irradiation  days  using  a  videocarnera 
and  a  v  ideo  cassette  recorder.  The  videotapes  were  blindly  evaluated  at  a  later  time  for  vomiting,  retching, 
and  any  other  side  effect.  Dunng  this  evaluation,  vomiting  was  defined  as  a  succession  of  strong  and  brief 
contractions  of  thoracic  and  abdominal  muscles  leading  to  the  expulsion  of  gastric  contents  through  the 
mouth;  retching  was  defined  as  nonproductive  vomiting (4). 
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Fi<i.  1 .  Effect  of /acopnde  on  visual  discrimination  performance.  Si.x  monkeys  were  tested  repeatedly  at 
2-week  intervals  without  treatment  (baseline),  after  oral  p:acebo.  and  after  oral  racopride  administration 
((I..1  mg/kgl. 


.•\  previously  described  and  validated  marker  dilution  technique  I/O)  was  used  to  determine  concurrently 
gasinc  secretion  and  gasinc  emptying  during  a  40-min  fasting  period  and  for  60  min  after  the  injection  of 
an  SO-ml  water  meal  (postmeal  penod).  In  the  present  studies,  as  previously  reported  (4).  this  technique 
was  slightly  modihed  in  that  (’“'"TclDTP.A  (diethylenetriamine  pentacelic  acid)  was  used  as  the  marker 
instead  of  phenol  red.  This  intubation  method  requires  only  the  sequential  sampling  of  the  gastnc  contents, 
and  It  permits  the  concurrent  measurement  of  intragastric  volume,  gastric  emptying,  and  gastric  secretion. 
A  1 2-Erench  double  lumen  iiasoga..tnc  tube  was  placed  in  the  stomach  and  its  position  was  verified  by  the 
water  recovery  test  (II).  Starling  45  min  later,  samples  of  the  mixed  gastric  contents  were  aspirated  just 
before  and  immediately  after  intragastric  administration  of  5  to  20  ml  ofa  C^TclDTPA  test  solution  (30 
liCi/ 100  ml  H;0;  pH  7.4:  37‘C).  After  centrifugation  of  the  samples,  the  clear  supernatants  were  assayed 
for  '"'"Tc  concentrations  using  an  auiogamma  counter  (1282  Compugamma  LKB  Instruments.  Inc., 
(iaithershurg.  MD).  These  determinations  were  repeated  every  10  min  during  the  basal  period  and  after 
iniragasinc  instillation  of  an  80-ml  water  meal  containing  |'”'"TclDTPA(3(iCi/l00  ml:  pH  7.4:  37'C). 

Intragastric  volumes  of  fluid  ( I  j.  I':.  -  land  amounts  of’*”Tc  (Tcj.  Tc<.-  •  •)  were  determined  at  the 
lime  of  each  sampling  using  the  marker  dilution  principle  (4.  10,  12.  /3).  Fractional  emptying  rale  (.?)  was 
then  dctermincvj  for  each  lO-min  interval  (/)  between  two  dilutions,  assuming  that  emptying  was  a  hist- 
order  process  (expvinential)  dunng  a  given  10-min  interval.  However,  since  g  was  allowed  to  vary  from 
interval  to  interval,  no  general  assumption  was  required  regarding  emptying  over  the  total  duration  of  the 
expenmeni.  W'e  used  the  following  equation: 

-(logjTc2/Tc,)]/r. 

Net  fluid  output  (/(.I  in  milliliters  per  minute  was  then  determined  for  the  corresponding  interval,  assum¬ 
ing  that  H,  remained  constant  over  the  given  interval  and  using  the  equation: 

-  [I  .-  -  l-.  exp  -  exp  -'). 

Intragastric  volumes  of  fluid  and  masses  of '^Tc  were  then  recalculated,  taking  into  account  these  first 
estimates  of  fractional  emptying  and  fluid  output,  which  were  in  turn  recalculated.  This  iterative  process 
was  repeated  until  the  improvement  of  the  solution  was  less  than  I*'!  per  iteration. 

These  calculations  were  performed  using  a  liKally  developed  program  and  a  PDP- 10  computer  (Division 
ofComputer  Research  and  Technology.  National  Institutes  of  Health.  Bethesda.  MD).  The  assumptions 
involved  have  been  desenbed  and  discussed  elsewhere  (10)  and  are  based  on  original  contributions  by 
llildes  and  Dunlop  (12)  and  fieorge  (IJ).  However,  in  contrast  to  their  method,  the  present  technique 
allows  correction  for  empty  ing  and  secretion  that  occur  during  the  I -min  marker  dilution  interval,  and 
this  technique  can  be  applied  dunng  fasting.  On  irradiation  day.  intervals  with  occurrence  of  vomiting 
were  not  taken  into  account  for  calculation  of  e  and  R„ . 

Statistical  evaluation  of  >  isual-discrimmation  performance  data  was  assessed  using  a  two-way  analysis 
of  variance.  3'he  statistical  significance  of  differences  observed  for  fractional  emptying  rate  and  fluid  output 
was  evaluated  using  a  three-factor  (treatment,  time,  and  monkey)  analysis  of  variance  with  repeated  mea- 
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Fk'i.  2.  Ertect  of  zacopnde  on  (he  total  number  of  radiation-induced  emeses.  Placebo  or  zacopride  was 
given  intragasincally  .W  min  before  irradiation,  and  the  number  of  emeses  was  determined  using  a  video¬ 
tape.  Emesis  was  delined  as  a  succession  of  strong  and  brief  contractions  of  thoracic  and  abdominal  muscles 
leading  to  expulsion  of  gastnc  contents  through  the  mouth. 


sures  on  the  last  two  factors  ( 10).  This  was  done  using  the  program  LDU-040  (K.  L.  Dorn)  and  an  IBM 
.170  computer  (Division  of  Computer  Research  and  Technology.  National  Institutes  of  Elealth.  Bethesda, 
MD).  For  vomiting  and  retching  data,  statistical  analysis  was  performed  using  the  Behrens-Fisher  test  ( 14 ). 

RESULTS 

No  vomiting,  retching,  or  other  side  effects  were  observed  after  placebo  alone  or 
zacopride  alone.  Similarly,  zacopride  did  not  significantly  modify  performance  as 
assessed  with  a  visual  discrimination  task  in  nonirradiated  animals  (Fig.  1 ). 
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Ficj.  3.  Effect  of  zacopride  on  time  course  of  radiation-induced  emesis.  Placebo  or  zacopride  was  given 
intragastncally  30  min  before  irradiation.  The  number  of  emeses  as  determined  using  a  videotape  was 
averaged  for  each  20-min  period.  Emesis  was  defined  as  a  succession  of  strong  and  brief  contractions  of 
thoracic  and  abdominal  muscles  leading  to  the  expulsion  of  gastric  contents  through  the  mouth.  Values 
are  means  ±  SE. 
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In  8/9  monkey*  In  4/8  monkey* 

Fici.  4.  Effect  of  /acopnde  on  the  number  of  radiation-induced  retches.  Placebo  or  zacopride  was  given 
intragastncally  30  min  before  irradiation,  and  the  number  of  retches  was  determined  using  a  videotape. 
Retching  was  dehned  as  a  nonproductive  vomiting. 


Following  irradiation,  70  emeses  were  observed  in  5  of  6  monkeys  after  placebo 
(the  6th  monkey  experiencing  only  retching,  as  described  below),  compared  to  only 
1  emesis  in  1  of  6  monkeys  after  zacopride  (Fig.  2\  P  <  0.01).  As  illustrated  by  the 
time  course  of  emesis  following  irradiation  (Fig.  3).  most  vomiting  occurred  during 
the  first  hour  after  placebo,  whereas  the  only  vomiting  after  zacopride  was  seen  at 
about  2  h.  Similarly.  353  retches  were  observed  in  6  of  6  monkeys  after  placebo  com¬ 
pared  to  173  retches  in  4  of  6  monkeys  afier  zacopride  (Fig.  4;  F<  C.Ol).  In  addition. 
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I  jci.  5  Effcci  of  zacopnde  on  the  lime  course  of  radiation-induced  retching.  Placebo  or  zacopride  was 
given  intragastncally  30  min  before  irradiation,  and  the  number  of  retches  determined  using  a  videotape 
was  averaged  for  each  3l)-min  penixl  Retching  was  defined  as  nonproductive  vomiting.  Values  are  means 
-  SE. 
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1 1<  I  h.  I  rtofl  i)t  /aiopntlc  adminisicrcd  allcr  the  hm  emesis  on  the  time  course  of  radiation-induced 
somiting  /acopnde  was  gisen  intragastricalK  after  the  hrst  emesis  had  ix'currcd  (i.e..  between  50  and  60 
min  alter  irradiation  I  and  the  number  of  emeses  determined  using  a  videotape  was  averaged  for  each  20- 
min  period  Values  are  means  •  .SI- 


most  retching  txcurred  during  the  first  houc after  placebo,  and  zacopride  significantly 
reduced  the  number  of  retches  during  that  period,  but  not  during  the  second  hour 
(I'ig.  5).  When  compared  to  placebo  given  before  irradiation,  administration  of  zaco- 
pride  to  another  group  of  irradiated  monkeys  after  vomiting  had  started  (i.e..  about  .W 
mm  after  irradiation)  significantly  inhibited  the  occurrence  of  retching  and  vomiting 
during  the  subsequent  l(K)  min  of  observation  (retches:  2  vs  84;  emeses:  0  vs  25;  P 
<  0.05).  The  time  course  of  this  effect  is  depicted  graphically  in  Figs.  6  and  7. 

Zacopride  did  not  significantly  mtxlify  fractional  gastric  emptying  (FER)  in  the 
control  state  during  fasting  or  after  a  water  meal  (Table  I).  After  irradiation  plus 
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Ik,  ■'  I  Itcci  111  /uciipriits’  uilminisitrcd  after  l!ic  hrst  cmcsis  on  the  time  course  of  radiation-induccd 
retching  /acopndc  was  given  iniragastncallv  after  the  hrst  emesis  had  ixcurred  ( 50-60  min  after  irradia¬ 
tion  I.  and  the  numhiT  ol  retches  determined  using  a  videotape  was  averaged  for  each  20-min  penixl.  Values 
are  means  •  Sf 
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T  ABI  E  I 

Tlkvl  ol  /ji.oprule.  Radiahon.  and  a  Walor  Meal  on  Fratlional  Emptying  Rate  (in 't  /min) 


<  i>iurol  I’li^lirriiJuUiiiii 


/’intoK'.;/  huslini;  fitsnneal 


I'laeeho  .V-l.1i0N:  4:1-0.64  1.15-0.20*  ()..'!6  ±  0. 1 2* 

/aeopnde  4.66  .♦  0  44  4.  0-0  64  2.72i0.84*t  0.66  -0.20*t 


Note  Values  are  ySF. 

•  /’  <  0.05  compared  to  control. 

+  /O  005  compared  to  placeho  using  \N()V  A  »uh  repeatc-d  measures. 


placebo,  gastric  cmptNing  was  signitu  antly  slowed  during  fasting  and  after  a  meal 
(Table  1;  <  0.05).  eH'ects  which  were  significantly  inhiiated  by  zacopride  (P  <  0.05). 

However,  irradiation  still  produced  significant  suppression  of  both  fasting  and  post¬ 
meal  FFR  even  after  zacopride  (P  <  0.05). 

DISCUSSION 

In  the  present  studies,  we  determined  the  emetic  and  gastroplegic  effects  of  nonuni¬ 
form  y  irradiation,  studied  the  efficacy  of  zacopride  in  the  prevention  and  treatment 
of  radiation-induced  vomiting  and  gastric  suppression,  and  evaluated  the  potential 
side  effects  of  this  medication  in  the  rhesus  monkey. 

In  the  basal  nonirradiated  state,  intragastric  administration  of  zacopride  did  not 
induce  vomiting,  retching,  or  abnormal  behavior.  In  addition,  zacopride  did  not  im¬ 
pair  performance  on  a  visual  discrimination  task,  demonstrating  that  it  was  not  be- 
haviorally  toxic  for  this  task.  This  finding  was  recently  confirmed  using  a  murine 
motor  txrforrnance  task  ((I?)  and  unpublished  observations).  Determining  if  a  new 
drug  has  behavioral  toxicity  is  important  because  this  side  effect  may  be  as  limiting  as 
the  adverse  effect  (emesis)  the  drug  isdesigned  to  treat,  e.g..  in  an  emergency  radiation 
situation  ( /P). 

Following  irradiation,  we  determined  the  precise  time  course  of  vomiting  and 
retching  as  well  as  the  alterations  of  gastric  emptying.  Retching  and  vomiting  started 
about  .10  mm  after  irradiation,  decreased  markedly  after  70  min.  and  disappeared 
after  1 20  min.  The  present  10-min  delay  differs  markedly  from  previous  observations 
of  a  delay  of  almost  1  h  after  irradiation  with  doses  of 400-5  50  cGy  (J)  and  of  a  delay 
of  less  than  5  min  following  a  dose  of  1200  cGy  (17).  Thus,  the  interval  between 
irradiation  and  vomiting  appears  to  be  inversely  proportional  to  the  dose  received. 
In  contrast,  both  the  emetic  resttonseand  the  gastne  suppre.ssion  wcresimilartotho.se 
observed  after  total-body  irradiation  in  the  same  animal  mo<ieI  with  midtissue  doses 
to  the  torso  and  abdomen  identical  to  those  used  in  the  present  experiments  (800 
cGy  )(4).  This  dose  of  800  cGy  was  selected  i»ecause  it  was  twice  the  ED,o  for  vomiting 
as  previously  determined  by  others  for  monkeys  (2.  17).  However,  due  to  the  expo¬ 
sure  system  chosen  for  the  present  experiments,  the  head  midtissue  doses  were  30% 
higher  than  in  our  previous  studies  ('/).  and  the  tibia  and  femur  midtissue  doses 
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were.  resneetiveK.  47';  and  27’';  lower.  Taken  together,  these  data  suggest  that  the 
abdomen  and  torso  are  the  most  important  targets  for  the  initiation  of  the  prodromal 
s\  ndrome. 

In  the  monkey  exposed  to  800  cGy  "’'Co.  intragastric  administration  of  zacopride 
!.■'  min  before  irradiation  prevented  radiation-induced  vomiting.  In  addition,  zaco- 
pnde  signiticantly  inhibited  retching,  although  the  time  course  of  retching  appears  to 
have  been  only  minimally  altered  by  zacopride  (Fig.  5).  Due  to  the  small  number  of 
subjects,  the  difference  did  not  reach  a  level  of  statistical  signihcance.  but  it  is  probable 
tha'  the  effect  shown  on  Fig.  5  was  real.  In  addition,  intragastric  administration  of 
zacopride  after  the  first  episode  completely  suppressed  retching  and  vomiting  for  the 
subsequent  100  min.  Since  zacopride  did  not  significantly  modify  radiation-induced 
retching  and  vomiting  ;foni  60  to  120  min  after  exposure,  the  duration  of  the  anti- 
cmctic  crt'ect  of  zacopride  in  the  present  mcxlel  appears  to  be  about  1  h.  Similarly, 
zacopride  inhibited  the  suppression  ol'gastric  emptying  induced  by  irradiation  during 
tasting  and  after  the  water  meal.  Thus,  after  irradiation  plus  zacopride.  gastric  empty¬ 
ing  was  dec'cased  by  only  40'';  during  fasting  and  by  85'"(  after  the  meal.  Since  the 
meal  was  given  about  1  h  after  zacopride.  it  appears  that  the  duration  of  the  gastroki- 
ncticeifect  of  the  drug,  like  that  ofits  antiemetic  effect,  was  approximately  1  h.  Taken 
together,  these  observations  suggest  that  the  current  formulation  of  zacopride  should 
be  admi'  istered  twice:  once  before  irradiation  and  once  after  exposure.  Although  the 
improvement  of  gastric  emptying  induced  by  zacopride  using  the  present  frequency 
and  dose  iif  administration  is  not  complete,  it  markedly  improves  the  possibility  of 
oral  rehydration  after  exposure  to  radiation.  It  is  most  remarkable  that  zacopride  has 
an  antiemetic  effect  even  when  given  intragastrically  after  irradiation  and  that  it  can 
actually  interrupt  radiation-induced  vomiting  and  retching. 

I  he  mechanism  by  w  hich  radiation  causes  emesis  and  gastric  inhibition,  as  well  as 
the  mechanisni  by  which  zacopride  prevents  these  effects,  remains  hypothetical.  The 
central  nervous  sy  stem  appears  to  play  a  pivotal  role  in  radiation-induced  prodromal 
s>  mptoms.  as  suggested  by  the  observed  rise  of  plasma  d-endorphin  following  irradia¬ 
tion  (•/).  This  rise  is  similar  to  the  one  observed  after  exposure  to  stress  (/d,  /V).  which 
is  known  to  inhibit  gastric  function  (2(1).  Thus  the  rise  of  plasma  d-endorjihin  may 
be  responsible  m  part  for  radiation-induced  vomiting  and  gastric  inhibition,  since 
this  type  of  elfect  has  been  observed  after  exogenous  administration  of  opioids  (2/). 
Irradiation  could  cause  the  release  of  d-endorphin  or  of  another  humoral  mediator 
by  initially  actixating  the  peripheral  end  of  afferent  nerves.  A  direct  effect  of  irradia¬ 
tion  on  the  brain  appears  unlikely  for  at  least  three  reasons.  First,  shielding  of  the  area 
postrema  (chcmoreceptor  trigger  zone)dxx*s  not  prevent  radiation-induced  vomiting 
(22).  Second,  increasing  the  dose  delivered  to  the  head  by  50'’;  in  the  present  study 
does  not  modify  significantly  the  symptoms  (4).  Third,  ablation  of  the  area  postrema 
in  cals  docs  not  prexent  radiation-induced  vomiting  (2.f).  Zacopride  is  a  benzamide 
derivative  with  gastrokinetic  properties  which  does  not  protect  against  emesis  caused 
by  aptimorphine-induced  activation  of  the  dopamine  receptors  of  the  area  pctslrema 
(24 ).  However.  intraxent)us(ix )  or  intracerebroxentricular  zacopride  prevents  emesis 
intiuced  by  cither  ix  chcmothcrapx  agent  (2.x).  Since  zacopride  is  not  a  dopamine 
antagonist,  it  is  not  neuroleptic  and  docs  not  cause  extrapyramidal.  cardiovascular,  or 
autonomic  nervous  sy  stem  side  effects.  Given  these  facts,  it  is  probable  that  zacopride 
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prevents  radiation-induced  vomiting  and  retching  by  acting  at  a  site  different  than 
the  area  postrema,  either  centrally  or  at  the  periphery,  but  the  exact  mechanism  of 
action  remains  to  he  defined. 

in  conclusion,  we  observed  that  radiation-induced  emesis  was  accompanied  by 
suppression  of  gastric  emptying  in  monkeys.  In  addition,  intragastric  administration 
of  .'acopride  significantly  inhibited  radiation-induced  retching,  vomiting,  and  sup- 
pres‘'ion  of  gastric  emptying.  Although  zacopride  does  not  appear  to  cause  detectable 
adverse  behavioral  side  effects,  further  studies  are  needed  to  confirm  this  perception. 
1  he  present  observations  have  important  implications  in  the  treatment  of  radiation 
sickness  and  it  will  be  important  to  determine  if  they  can  be  confirmed  in  clinical 
studies. 
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The  effect  of  total-body  ionizing  radiation  on  the 
digestive  tract  is  dose-dependent  and  time-depe¬ 
ndent.  At  low  doses  {1.3  Gy),  one  observes  only  a 
short  prodromal  syndrome  consisting  of  nausea, 
vomiting,  and  gastric  suppression.  At  doses  '6  Gy, 
the  prodromal  syndrome  is  more  marked,  and  it  is 
followed  after  a  2-5-day  remission  period  by  a 
subacute  syndrome,  characterized  by  diarrhea  and 
hematochezia.  This  gastrointestinal  syndrome  is 
superimposed  onto  a  radiation-induced  bone  mar¬ 
row  suppression.  The  combination  of  intestinal  and 
hemopoietic  syndromes  results  in  dehydration,  ane¬ 
mia,  and  infection,  leading  eventually  to  irrevers¬ 
ible  shock  and  death.  The  treatment  of  prodromal 
symptoms  is  based  on  the  administration  of  anti- 
emetics  and  gastrokinetics,  although  an  effective 
treatment  devoid  of  side  effects  is  not  yet  available 
for  human  therapy.  The  treatment  of  the  gastroin¬ 
testinal  subacute  syndrome  remains  diCHcult  and 
unsuccessful  after  exposure  to  total  body  doses 
-"8-10  Gy.  Supportive  therapy  to  prevent  infection 
and  dehydration  may  be  effective  if  restoration  or 
repopulation  of  the  intestinal  and  bone  marrow 
stem  cells  does  occur.  In  addition,  bone  marrow 
transplantation  may  improve  the  prospect  of  treat¬ 
ing  the  hemopoietic  syndrome,  although  the  experi¬ 
ence  gained  in  Chernobyl  suggests  that  this  treat¬ 
ment  is  difficult  to  apply  in  the  case  of  nuclear 
accidents.  Administration  of  radioprotectants  be¬ 
fore  irradiation  decreases  damage  to  healthy  cells, 
while  not  protecting  cancerous  tissues.  In  the  fu¬ 
ture.  stimulation  of  gastrointestinal  and  hemopoiet¬ 
ic  progenitor  cells  may  be  possible  using  ceil  growth 
regulators,  but  much  remains  to  be  done  to  improve 
the  treatment  of  radiation  damage  to  the  gastroin¬ 
testinal  tract. 

During  the  jja.sl  .!()  yr.  much  has  been  learn(!(i 
about  the  physiologic  rnet:hani.sm.s  causing  radi¬ 
ation  injury,  and  tlie  ret.ent  evfuits  in  Chernobyl  have 


heightened  the  general  awareness  to  nuclear  haz¬ 
ards.  The  medical  experience  in  Russia  should  alert 
physicians  that  high-dose  total-body  radiation  injury 
can  occur  and  we  must  be  prepared  to  treat  such 
injuries. 

The  first  comprehensive  description  of  the  acute 
radiation  syndrome  in  humans  was  provided  by 
Hempclmann  and  colleagues  (1)  based  on  the  expe¬ 
rience  they  acquired  while  treating  10  patients  in¬ 
volved  in  two  radiation  accidents  at  Los  Alamos 
National  Laboratory  on  August  21.  1945,  and  on  May 
21.  1946.  These  cases  pointed  out  the  complexity  of 
the  pathophysiology  of  radiation  injury. 

In  his  classic  1956  paper.  Quastler  (2)  hypothe¬ 
sized  that  total-body  irradiation  arr^-sts  the  produc¬ 
tion  of  new  epithelial  ceils  from  the  crypts  of 
Lieberkuhn.  The  diminished  replacement  of  epithe¬ 
lial  cells  combined  with  normal  sloughing  of  differ¬ 
entiated  cells  leads  to  the  depletion  of  mature  intes¬ 
tinal  surface  epithelial  cells.  This  loss  of  epithelial 
cells  causes  a  breakdown  of  the  barrier  between  the 
intestinal  luminal  contents  and  permits  entry  of 
toxic  substances  into  the  systemic  circulation,  which 
can  be  lethal.  In  addition,  as  discussed  by  Moore  (3), 
changes  of  the  metabolic  balance  observed  after 
total-body  irradiation  may  boar  similarities  with 
those  seen  after  surgical  injury.  In  both  situations, 
there  is  an  increase  in  the  extracellular  component  at 
tlu!  expense  of  intracellular  metabolism,  increased 
urinary  nitrogen  excretion,  loss  of  nitrogen  and  j)o- 
tassium.  and  a  tendency  to  retain  sodium. 

In  1965,  Bond  and  his  colleagues  (4)  reviewed  the 
accumulated  human  and  animal  experience;  they 
postulated  a  disturbance  of  cellular  kinetics  in  mul¬ 
tiple-organ  systems  that  manifested  itself  in  distinct 
components:  the  hemopoietic  syndromte  the  gastro- 
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intostiiial  syiuironio.  aiui  tin;  c:ar(liuvas(ailar  or  cen¬ 
tral  nervous  system  syndrome.  They  also  r(;co!>ni/ecl 
that  tin;  acute  radiation  syndromi?  is  characterized  by 
an  .icut('  phase!,  also  calh'd  prodromal  syndrome, 
and  a  suhacute!  phase,  also  calh'd  hone  marrrnv  and 
yastrointi'stinal  syndromt!S.  These'  twei  ph.asees  erf 
riieliatieen  sie:kne!ss  .ire!  ,se![)iir;iti'd  hy  an  apparemt 
re!mis.sion  eluriiyn  which  thei  patient  meiy  be  com- 
pli!te!ly  symptom-tree!. 

Although  we  re'cognize  that  bone  marrow  deprtjs- 
sion  with  its  hematoleigic  and  immunologic  sequelae 
is  of  e:\tre!me  impeirtance  and  represeents  a  medical 
probleem  freeeiueently  eencountereel  in  irradiated  per¬ 
sons.  we!  have'  e!le'i;ted  to  reiview  spe!{,itii;idly  the'  leess 
eaimmonly  e  emsiele'reid  giistreiinteestimil  compone'nt  of 
the!  aeaite:  radiatiem  svnelreime!.  The:  large  amount  of 
information  em  the:  patheiphysiology  of  radiation- 
indue-.e:d  gut  dysfuneTiem  is  summarize:d  along  with 
its  implieaitiems  feir  eairrent  and  future:  therapeutic 
inte:rve:ntion.  The:  le)ng-te:rm  e:ffe:e:tsof  radiation  (such 
as  e:nte:re)p;ithy.  fibreisis,  einel  e',are:inogenesis)  will  not 
be:  e:onside:re:el  he're:.  and  the  reeider  is  referred  to  the 
re!vie:ws  'oy  ,\le)rge!nste:rn  e!t  al.  (5)  and  Fry  (6). 

It  must  be:  re:me:mhe:red  that  the  degree  of  gastro- 
inte:stinal  injury  feilleiwing  irnieiiatiem  will  elepend 
upon  a  Viirie:ty  of  eamelitiems.  Feir  e:xample:.  many  of 
tile:  side  e!tfe:e:ts  ele:se:ribed  in  this  rcvie:w  are  not 
ob.se:rve:el  after  e'xposure:  to  similar  eioses  during  loe.al 
irradiiition  or  in  pre:piir;itie)n  for  bone  marrow  trans- 
phintiition.  It  is  not  known  whe:the:r  this  is  e:ntirely 
due  to  the:  low  elose:  nite',  tei  the  frae;tionated  irradia- 
tiem.  or  tei  eameairrent  tre:atme:nt  with  eintibiotieis  or 
bone:  meirrow  infusiem.  Furthe:rmore:.  neutrem  radia¬ 
tion  is  mue:h  meire:  elestrue;tive  tei  intejstinal  e:rypt 
cells  than  are  similar  e]uantitie:s  of  ,'-phote)ns.  One;e 
injury  to  the  gastreiintestinal  trae:t  has  reacheel  suffi- 
e;ient  le:ve:l.s  to  produe:c  symptoms  associated  with 
the:  ae:ute  radiation  syndrenne,  me:e:hanisms  of  eirgan 
failure  and  interveintions  wendd  be:  expecteid  to  be 
the:  same  re:garelle:.ss  of  the  e:ireaimstane;es  of  their 
origin.  The:refe)re:.  this  re:\  ie:w  reiports  primarily  elata 
obtaineel  freim  expe:rie:ne:e:s  with  photems  ele:livere:el 
promptly,  as  may  eie.e.ur  in  an  ace;ide!nl.  nowe:ve;r. 
these  findings  should  be  pe:rfinen’t  tei  any  situation  in 
whie.h  the:  total  eieise  rei;eive:d  anel  the:  elose  rale  are: 
abo\'e  a  given  thre:shold. 

Pathophysiology  of  Gastrointestinal 
Injury 

Ae.ute  fieidieifion  Sii.knuss  or  Prodromal 

Svnefrome: 

lmme:diately  after  teital  beiely  irradiation  with 
doses  >1.5  Gy,  veimiting  is  frequently  observed  in  all 
the  mammals  that  can  vomit,  i.e.,  cats,  dogs,  mon¬ 
keys,  and  humans,  but  not  in  those  that  cannot,  such 


as  rats  and  mice  (7).  The  me:dian  effective  dose  for 
vomiting  is  ~2  Gy  for  teital  body  exposure  to  y-rays: 
it  is  believed  tei  be  -2  Gy  for  ne:utre)n  irradiation 
idsei.  althenigh  some  iliffe:re:ni',e:s  may  e:xist  in  animals 
(H).  In  humans,  radiation-indue;ed  vomiting  is  pre- 
ea’eleei  and  accompanieel  by  nauseia  and  anorexia 
(1.-4):  in  animals,  hypersalivation,  chewing,  and 
yawning  arc  observed,  and  these  symptoms  may  be 
considered  to  be  the  physiologic  equivalents  of  nau¬ 
sea  (9).  In  addition,  gastric  emptying,  gastric  motil¬ 
ity,  and  gastric  secretion  arc  temporarily  suppressed 
(10,11).  For  doses  >9  Gy,  diarrhea  is  often  observed, 
and  the  prognosis  is  particularly  poor  if  diarrhea  is 
explosive  and  bloody.  These  symptoms  may  be  ex¬ 
plained  by  the  gross  alterations  of  the  myoelectric 
activity  of  the  small  intestine  that  were  observed  in 
dogs  exposed  to  9.4-Gy  abdominal  y-radiation;  an 
initial  increase  of  intestinal  motility  immediately 
after  exposure  was  followed  by  decreased  motility 
1-4  days  later  (12). 

These  symptoms  are  potentially  important  from  a 
diagnostic  standpoint  because  they  can  be  used 
within  1  or  2  h  of  exposure  to  qualitatively  estimate 
the  dose  of  radiation  received.  Similar  symptoms  are 
observed  after  local  irradiation,  although  to  a  lesser 
extent.  In  the  case  of  local  irradiation,  the  threshold 
for  vomiting  and  diarrhea  is  lowest  for  the  abdomen, 
the  irradiation  of  which  causes  nausea  and  vomiting 
after  doses  greater  than  about  1.5  Gy  (8). 

The  mediators  involved  in  these  early  effects  of 
radiation  are  unknown.  Direct  or  indirect  radiation 
effects  on  the  central  nervous  system  probably  play  a 
pivotal  role,  although  areas  of  the  brain  that  are 
involved  remain  ill  defined,  as  is  the  nature  of  the 
neurotransmitters  mediating  these  effects  (13),  The 
comiting  center  and  the  vagal  nuclei  are  thought  to 
be  necessary,  but  the  precise  role  of  the  area 
postrema  is  still  controversial  (14-16),  The  stimula¬ 
tion  of  the  central  nervous  centers  could  result  from 
the  radiation-induced  release  of  free  radicals,  or 
from  other  substances  such  as  the  endotoxins  pro¬ 
duced  by  intestinal  microorganisms  that  have  been 
show'n  to  enter  the  bloodstream  of  animals  (17)  and 
humans  (18)  after  irradiation.  Alternatively,  the  pe¬ 
ripheral  afferent  nerves  could  be  dir  jctly  stimulated 
by  these  endogenous  substances.  Whatever  initiates 
the  general  response  of  the  body,  a  release  of  various 
circulating  chemicals  (i.e.,  /3-endorphin,  histamine, 
prostaglandins,  endotoxins)  has  been  observed  after 
total-body  irradiation,  but  their  role  in  producing  the 
early  effects  of  radiation  remains  to  be  defined. 
^Endorphin  could  play  a  role  because  endogenous 
and  exogenous  opiates  are  known  to  cause  vomiting 
(19),  to  slow  gastric  emptying,  and  to  suppress 
gastric  acid  output  (20).  The  role  of  histamine  in  the 
pathogenesis  of  the  symptoms  of  the  prodromal 
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syDiiruiDi)  roniaiiis  iincloar  and  probaljly  involves 
histaniim;  I  li-rocoptors;  histamine  Hj-rocoptor  agon¬ 
ists  (io  not  cause  vomiting  and  tl)ey  stin)ulale  gastric 
secretion  and  g.istric  emptying  (21 1.  whereas  the 
opposite  is  ohser\’ed  after  tot<il-h()d\’  irradiation  (11). 
in  contrast,  prostaglandins  could  he  (.andidiites  as 
mediators  of  th'’  ohser\('d  sympton)s  ht'cause  (a) 
they  are  released  after  irradiation  122.22)  and  |h) 
their  effects  are  similar  to  those  occurring  after 
total-l)()dy  irradiation  (24.2,t|.  Kin<)lly.  tf)e  fact  that 
comhin('d  vagotomy  and  high  spinal  cord  section 
))revents  radiation-induced  vomiting  (lfi|  suggests 
that  an  afferent  or  efferent  nervous  meciianisin.  or 
hoth,  is  involved,  although  the  neurotransmitter  me¬ 
diating  this  effect  has  not  yet  heen  defined  |2fi|.  In 
geni'ral.  there  .ire  no  mor|)lu)logic  changes  of  g.istro- 
intestin.d  smooth  muscles  or  intestinal  muci'sa  dur¬ 
ing  the  prodromal  syndrome  (12|.  although  some 
alterations  of  parietal  cell  ultrastructure  have  heen 
descrihed  ( 1 1 1. 

Suhucute  (fustroinleslinui  Syiulromu 

Radiation-induced  vomiting  usually  ceases 
within  24  h  of  tutal-hody  irradiation,  and  gastric 
function  is  normal  2  days  after  H-C.y  v-ex()osure  (11). 
Patii'iits  and  animals  then  ex|)erience  a  relatively 
sym[)tom-free  period  that  may  last  2-7  days,  de- 
|)ending  on  the  dose  received.  If  this  dose  is  *.5  (ly. 
a  second  phase  of  radiation  sickness  a|)pears  within 
1  wk  of  irradiation.  One  observes  stomatitis,  abdom¬ 
inal  bloating,  gastrointestinal  ileus,  diarrhea,  and 
guaiac-[)o.sitive  or  bloody  stools  (4)  <is  well  as  sepsis, 
dehydration,  and  shock.  This  syndrome  is  character¬ 
ized  by  electrolyte  imbalance  (27.28)  and.  a.s  shown 
by  metabolic  balance  studies  (2).  hears  similarities 
with  the  situation  observed  during  the  po.sto|)erative 
period  and  after  surgical  injury. 

The  cause  of  these  symptoms  is  com))lex.  and  their 
pathogenesis  is  still  not  comtiletely  understood.  Af¬ 
ter  doses  of  radiation  ^2  (fy.  the  turnover  of  intesti¬ 
nal  cells  is  decreased,  leading  to  atrophy  of  the  villi 
(4|.  In  addition,  radiation  |)roduces  alterations  of 
transport  in  the  rahhif  ileum  as  e\’  iluated  in  vitro 
with  Ussing  chambers.  Short  circuit  current,  trans- 
epitholial  potential,  and  resistance  were  all  in¬ 
creased  dose-dependently  1-4  days  after  total-body 
exposure  to  7..5-12-(Jy  y-radi.ition  (29).  These 
changes  are  similar  to  those  observed  after  adminis¬ 
tration  of  bacterial  toxins  or  secretagogues.  and  they 
may  be  responsible  for  decreased  intestinal  ah.sorp- 
tion  of  electrolytes,  fluids,  and  nutrients  in  vivo 
(20.21). 

An  intestinal  injury  with  immunologic  and  phys¬ 
iologic  consequences  is  increased  permeability  of 
the  epithelial  barrier.  This  concept  is  consistent  with 


findings  of  Fine  and  coworkers  (22-24).  who  de¬ 
tected  bacterial  endotoxin  of  intestinal  origin  in  the 
|)lasma  of  animals  after  a  variety  of  severe  trauma 
e])isodes.  Kiidotoxin-containing  particles  in  the  in¬ 
testine  may  |)en(;trate  the  ei)ithe!ial  harrier  via  the 
intercellular  route.  The  incidence  of  di.sru()ted  inter¬ 
cellular  tight  junctions  follow(;d  a  hi|)hasic  pattern 
similar  to  that  seen  for  the  detectiot)  of  endotoxin  in 
mouse  livers  after  irradiation  (2.2).  This  increase  in 
intestinal  |)crmeahility  after  irradiation  could  he  due 
to  the  action  of  humoral  mediators  on  this  organ.  A 
variety  of  vasoactive  substances  have  been  shown  to 
increase  intestinal  |)erineahility  to  endotoxin  (.26). 
For  exami)ie.  severe  disru|)tion  of  the  tight  junction 
(.on)[)lex  was  seen  in  rahl)its  infused  with  histamine 
hut  t)ot  in  those  animals  given  saline  (27). 

Although  not  always  associated  directly  with  mor¬ 
tality.  endotoxin  may  have  profound  effects  on  radi¬ 
ation  victims.  For  examt)le.  endotoxins  may  contrib¬ 
ute  to  immunosuppression  in  the  host,  hut  they  can 
also  produce  subsequent  beneficial  effect.'  in  com- 
|)romised  subjects  (28).  such  as  stimulation  of  bone 
marrow  repair  after  irradiation  (39).  Sublethal  endo- 
toxemia  may  he  beneficial  in  other  types  of  trauma  as 
well.  For  example.  Spillert  et  al.  (40)  re|)ortod  that 
endc'toxin  decreased  burn  severity  when  given  to 
mice  immediately  after  thermal  injury.  On  the  other 
hand,  endotoxins  released  shortly  after  irradiation  of 
animals  (17)  or  humans  (18)  may  also  contribute  to 
early  [jerformance  decrements  associated  with  radi¬ 
ation. 

Endogenous  enteric  bacteria  appear  not  to  play  a 
major  role  in  i)ure  intestinal  radiation  death  de¬ 
scribed  after  doses  >  12  C,y  as  there  was  no  sepsis  or 
emlotoxemia  at  the  time  of  death  in  rats  with  acute 
intestinal  injury  (41).  Furthermore,  preirradiation 
contamination  of  the  gastrointestinal  tract  with 
Pseudomonos  oeruginosu  did  not  modify  survival 
time  of  animals  dying  from  [)ure  intestinal  syndrome 
within  2-4  days  of  irradiation  (42).  In  contrast. 
l)o.stirradiation  infection  from  endogenous  enteric 
bacteria  was  an  imi)ortant  factor  after  exposure  to  the 
lower  do.ses  of  radiation  that  cause  later  death  by  a 
.  ombination  of  intestinal  and  hemopoietic  injuries 
(42). 

Intestinal  microorganisms  are  a  major  source  of 
infection  in  irradiated  individuals.  Changes  in  the 
numbers  of  facultatively  anaerobic  bacteria,  which 
could  become  opportunistic  pathogens  after  irradia¬ 
tion.  have  been  monitored  in  experimental  animals 
(25).  Ilea  were  removed  from  rats  at  intervals  after 
sublethal  (5  Gy)  or  lethal  (10  Gy)  cobalt  60  irradia¬ 
tion  and  cultured  quantitatively  for  microorganisms. 
The  facultative  flora  were  significantly  reduced  in 
numbers  24  h  after  sublethal  irradiation  but  reached 
preirradiation  levels  7-11  days  later.  Lethal  (10  Gy) 
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radiation  also  caused  a  reduction  in  numbers  of 
facultative  flora  at  24  h  after  irradiation  but,  in 
contrast  to  sublethally  irradiated  rats,  facultative 
populations  bo”an  to  increase  by  7  days  postirradi¬ 
ation  and  u'(!re  increascHl  several  times  above  normal 
levels  by  day  11,  This  p(;riod  of  ex(;essive  coloniza¬ 
tion  of  the  ileum  by  facultatively  anaerobic  flora 
coincided  with  the  beginning  of  the  time  that  deaths 
occurred  in  rats.  Disturbed  intestinal  microecology 
has  also  been  seen  in  other  animal  models  of  irradi¬ 
ation  injury  and  has  been  associated  with  sepsis  and 
death  (3.5).  Changes  in  the  intestinal  flora,  coupled 
with  imjiairment  of  the  normal  barrier  function  of 
the  gastrointestinal  tract,  allow  the  bowel  to  serve  as 
a  reservoir  for  pathngims  that  can  tmter  the  portal 
and  systemic  circulations  <uul  fuel  the;  ongoing  sep¬ 
tic  process.  This  process  may  become  rapidly  over¬ 
whelming  in  a  subject  further  compromised  by  mar¬ 
row  failuri!  and  profound  immunosuppression. 

In  addition,  loss  of  colonization  resistance  is  asso- 
ciatcid  with  shifts  in  mic:rohial  populations  in  com¬ 
promised  individuals.  \'an  der  Waaij  (43)  has  shown 
that  op[)ortunistic  pathogens  in  the  tiigeslive  tract 
are  the  major  source  of  infection  in  animals  with 
decrea.sed  defensive  capacity.  Colonization-resistant 
anatirobic  flora  contribute  to  the  control  of  these 
facultatively  anaerobic  pathogens,  but  when  coloni¬ 
zation  resistance  is  lost,  tin?  opportunistic  flora  are 
able  to  multiply  excessively  on  mucosal  surfaces. 
This  event  is  associated  with  invasion  of  normally 
sterile  tissues  by  endogenous  flora.  .Selective  decon¬ 
tamination  of  the  digestive  tract  with  antibiotics  that 
tdirninate  pathogens  hut  do  not  disturb  anaerobic 
flora  (which  maintain  c.olonization  resistance)  has 
succc-ssfully  betm  used  to  prevtmt  inhudion  in  pa¬ 
tients  with  burns  (44)  or  granulocytopenia  (4.5). 

Thi!re  is  a  ridationship  bedween  numliers  of  intes¬ 
tinal  microorganisms  and  tfunr  translocation  to  mes¬ 
enteric  lymph  nodes  (4(i).  Incrc^a.-aid  numbers  of 
bacteria  in  the  lumen  of  irradiatcui  subj(!cts  could 
cause  opportunistic  infiu'.tions  through  this  proce.s.s. 
Recent  data  may  ludp  identify  the  route  by  which 
translocation  occurs,  suggicsting  that  .M  tadis  overly¬ 
ing  lymphoid  follitdes  of  th(!  gastrointestinal  tract  an; 
part  of  a  major  antigcm-sampling  system  (47).  Some 
bacteria  can  attacdi  to  and  be  transport(!d  through 
thest;  cells,  whert;  th(!y  should  be  proces.stul  by 
macrophagfcs  and  lymphocytes  as  an  initial  step  in 
the  mucosal  immune  response.  If  the  normal  func¬ 
tion  of  this  system  is  impaircal  by  radiation  or  other 
trauma,  an  easy  mute  of  ingress  to  the  body  would  be 
provided. 

Many  organisms  colonizing  the  intestine,  imdud- 
ing  those  conferring  colonization  resistance,  are  lo¬ 
calized  in  the  mucous  t)arrier,  a  major  structure 
-450  nm  thick  overlying  the  epithelium  (4H).  Any 


alteration  of  normal  intestinal  barrier  function  could 
enhance  the  likelihood  of  systemic  infection  as  well 
as  permit  intestinal  contents  to  damage  the  epithelial 
lining.  Irradiation  may  cause  a  reduction  of  mucus 
secretion  either  through  a  decrease  in  the  numt)(!r  of 
goblet  cells  in  the  mucosa  or  through  lymphocyte  (T 
cell)  loss  from  radiation  exposure  (49).  Bile  secretion 
could  also  affect  mucus  integrity  (50).  Although  the 
mechanism  is  unknown,  it  was  recently  shown  that 
the  continuity  of  the  mucous  blanket  can  be  de¬ 
graded  after  irradiation  (51).  Although  other  physi¬ 
ologic  and  immunologic  changes  are  probably  also 
involved  in  influencing  postirradiation  microbio¬ 
logic  events  in  the  intestine,  destruction  of  the 
mucous  harrier  could  alter  coloidzation  resistance 
and  permit  pathogen  access  to  the  epithelium. 

Alterations  of  Intestinal  Blood  Flow  and 

Microcirculation 

The  role  of  alterations  of  intestinal  blood  flow 
in  the  pathophysiology  of  the  acute,  subacute,  and 
chronic  radiation  syndromes  remains  unclear.  Mea¬ 
surements  of  total  small  intestinal  blood  flow  in  rats 
exposed  to  5-Gy  total-body  y-radiation  failed  to 
demonstrate  consistent  changes.  In  contrast,  intesti¬ 
nal  blood  flow  decreased  during  the  first  2  h  after 
exposure  to  10  Gy  but  increased  significantly  by  4-6 
h  postirradiation  (52-54).  In  rats  cxpo.scd  to  whole- 
body  y-radiation  of  cither  9  or  10  Gy.  Suskcvic  and 
Uklonskaya  (55)  observed  marked  fluctuations  in 
blood  flow  in  the  first  hours  after  irradiation.  An 
initial  decrease  was  followed  by  a  pronounced  in¬ 
crease  at  6  h  postirradiation  and  then  by  a  sharp 
decrease  from  the  second  to  the  third  day. 

Extended  observations  of  postirradiation  blood 
flow  to  the  small  intestine  showed  a  continued 
decrease  at  6  and  12  mo  after  abdominal  x-irradia- 
tion.  with  a  fractionated  (1.91  Gy/day)  exposure  of 
28.71  Gy.  However,  both  the  jejunum  and  ileum 
show(!d  a  blood  flow  at  control  level  when  exposed 
to  only  a  single  dose  of  5.74  Gy  x-radiation  (56).  In 
contrast,  blood  flow  to  the  large  intestine  was  in- 
i;reased  through  the  6  mo  of  postirradiation  observa¬ 
tion.  but  began  a  decline  to  below  control  levels  by 
12  mo  postirradiation. 

Thus,  variations  exist  according  to  the  species, 
organs,  source  of  radiation,  method  of  exposure 
(fractionated  or  single),  technique  of  blood  flow 
measurement,  and  time  of  measurement  after  irradi¬ 
ation.  The  response  appears  to  be  triphasic  after 
exposure  to  doses  >6  Gy:  an  initial  decrease  in  blood 
flow  is  followed  in  a  few  hours  by  an  increase  that 
lasts  a  few  days  and.  in  turn,  gives  way  to  a  long- 
lasting  decrease  in  total  blood  flow. 

The  microcirculation  of  the  intestine  also  appears 
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to  hi!  altori'il  iiltcr  irraiiiation.  Sia'odIv-Ivvo  liours 
alter  exposiire  to  la-CIv  niixeit  Doutroii-y-radiatioii. 
ti)i)  villous  i  a|)illarv  iictwiu  k  ol  the  iioi>  sid.iII  intes¬ 
tine  appeared  histolooic.dh'  iiitai  t  and  eoiitiiiiious. 
despite  mui  osal  i  ell  destruetioii,  hut  the  iiitestinal 
l  apillary  hlood  tlow  per  uram  ol  luueosa  was  iii- 
ireased  al  th.it  time  (.■i7|.  Oiilusive  endothelial 
i  h,u)oes  were  loimd  in  the  suhinuci'sal  arterioles 
ol  r.its  4  da\s  tdter  exposure  to  H  ti-tly  x-radiation 

Similarly,  i  linical  evidence  ol  mil  rov.iscul.ir 
chan>’es  in  humans  with  radiation  houel  dise.tse  li<i.s 
heen  furnished  hy  (farr  et  al.  (.at)].  These  studies  tilso 
indii  iited  that  alterations  were  ohserved  in  the  mu¬ 
cosal  vasculature  in  patients  1  2H  mo  after  radio- 
therapw  In  .iddition,  Suskevic  and  I'klonsk.iya  |.a.a) 
ohseiAi’d  that  permeahilitN'  increased  fourfold  in  rats 
d  d.ivs  alter  exposure  to  whole-hod\  y-iMdiiition  ol 
‘1  10  Cv. 

In  cals  exposed  to  doses  ol  up  to  15  {',y.  the 
n)i(.ro\'<isi  ulature  ol  the  intestine  was  found  to  he 
normal  4  days  to  4  mo  postirradiation  ((il)|.  However, 
after  exposure  to  15  :i()  (ly.  decreased  vascularity 
was  ohser\'ed  in  all  layers  of  the  howel,  including’ 
variations  in  luminal  width  and  ohstruction  of  ves¬ 
sels.  which  occurred  niore  fr(!(|uently  at  Ihe  higher 
doses  IhO).  These  vascular  changes  may  he  respon- 
sihle  for  a  decreased  capillary  filtration  coefficient, 
which  has  heen  ohserved  <ift(“r  irradiation.  In  addi¬ 
tion,  later  experiments  provided  evidence  of  idtra- 
structural  changes  that  correlated  with  these  changes 
in  capillary  filtration  coefficient,  suggesting  that  the 
early  decrease  in  this  coefficient  seen  in  the  groups 
exposed  to  20  and  25  (fy  may  result  from  (lericapil- 
l.iry  fihrosis. 

Prospects  for  Management 

Frotlnimal  .Si  ndrome 

The  prevention  and  treatment  (  ‘  radiation- 
induced  v  omiting  can  he  achieved  wit*'  neuroleptics 
Ichlorprorna/ine,  promethazine)  or  even  general  an¬ 
esthesia  |fil).  However,  this  type  of  approach  is  not 
desirahle  hecause  of  the  side  effects  of  these;  medi¬ 
cations,  which  further  depress  gastric  em[)tyingand 
a[)petite  and  may  increase  the  risk  of  pulmonary 
infection. 

A  more  promising  approach  has  heen  the  use  of 
antido[)aminergic  agiints.  The  oldest  dopamine  an¬ 
tagonist  is  metoclopramide  which,  in  addition  to  its 
antiimietic  (irojierties,  has  a  potent  gastrokinetic  ef¬ 
fect  and  prevents  radiation-induced  vomiting  and 
gastroplegia  in  monkeys  (62).  This  gastrokinetic  ac¬ 
tion  appears  to  he  independent  of  its  antidopamin- 
ergic  properties  and  may  he  related  to  a  metoclopra- 
mide-induced  release  of  acetylcholine  and  other 
nnurope[)tides  within  the  myenteric  plexus  (63). 


However,  therapeutic  doses  of  metoclopramide  do 
not  seem  to  he  effective  in  humans  if  given  after 
vomiting  has  started  (64).  In  addition,  this  medica¬ 
tion  m.iy  caii.se  extrapyramidal  side  effects,  hecause 
it  crosses  the  hlood-hrain  harrier  and  inhihils  strial;.. 
do|)amine  receptors  (t)5|.  In  contrast,  the  peripheral 
dopamine  antagonist  domperidone  does  not  causi; 
central  side  effects  hecause  it  inhihits  only  the 
do|)amine  riH.eptors  located  outside  the  hlood-hrain 
harrier  (66)  and  it  prevents  radiation-induced  vom¬ 
iting  in  the  dog  (10).  However,  domperidone  does 
not  afipear  to  be  effective  against  either  radiation- 
induced  gastroplegia  or  radiation-induced  vomiting 
in  the  monkey  (10.11).  In  contrast,  clinical  trials 
seem  to  indicate  that  domperiiloni!  may  he  effective 
in  humans  (67).  although  douhle-hlind  placeho- 
controlled  studiiis  will  he  necessary  to  confirm  this 
finding. 

A  number  of  newiir  antiemetic  and  gastrokinetic 
agents  are  currently  being  tested  in  both  animals  and 
patients.  Recently,  one  of  these  medications  (Zaco- 
pride.  A.  H.  Robins  Ho..  Richmond.  Va.)  was  found 
to  be  effective  in  tbe  prevention  and  treatment  of  the 
prodromal  syndrome  (vomiting,  retching,  and  gastric 
emptying  supfiression)  in  monkeys  while  not  caus¬ 
ing  undesirable  side  effects  (68). 

Suhdciilo  flodiotion  Syndrome 

The  treatment  of  the  subainite  gastrointestinal 
syndrome  is  based  on  .su|)portivo  therajiy  to  prevent 
infection  and  dehydration,  although  ultimate  sur¬ 
vival  depends  on  bone  marrow  and  intestinal  stem 
cell  restoration  or  r(!po|)ulaliun.  This  therapy  in¬ 
cludes  plasma  volume  expansion,  platelets,  and  an¬ 
tibiotics.  which  enhanci!  survival  after  intestinal 
injury  caused  by  radiation.  With  these  therapeutic 
measures,  survival  may  be  possible  up  to  15  Hy.  but 
total-body  irradiation  above  20  Hy  is  not  manage¬ 
able.  Finally,  the  prognosis  becomes  much  more 
serious  if  irradiation  injury  is  combined  with  ther¬ 
mal  or  mechanical  injury,  as  may  occur  in  an  acci¬ 
dent  such  as  the  Chernobyl  disaster. 

Current  research  is  attempting  to  nrevent  the  dam¬ 
age  to  the  intestine  by  using  a  variety  of  radioprotect- 
ants.  These  compounds  appear  to  reduce  initial 
damage  to  stem  cells  in  the  crypts  and  thereby 
decrease  the  effect  of  a  given  dose  of  radiation. 
Under  experimental  conditions  a  dose  reduction 
factor  can  then  be  calculated  to  ciuantitatively  eval¬ 
uate  the  effiracy  of  radioprotectanfs.  For  example, 
the  thiol  derivative  group  (ethiofos  or  WR-2721) 
improves  survival  of  the  stem  cells  of  the  intestinal 
crypts  in  addition  to  those  of  the  bone  marrow  and 
has  a  dose  reduction  factor  of  1.25-1.60  (31.69). 
Furthermore,  ethiofos  enemas  in  rats  demonstrated  a 
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dose  reduction  factor  of  1.6  compared  with  controls 
(70).  As  the  compound  was  not  absorbed  info  the 
circulation,  it  appears  that  ethiofos  can  exert  its 
radioprotective  action  by  a  direct,  nonsystemic  effect 
on  gastrointestinal  mucosa.  Recent  evidence  has  also 
been  presented  suggesting  that  the  use  of  prostaglan¬ 
dins  alone  and  especially  in  combination  with  VVR- 
2721  c:ould  prevent  damage  to  the  epithelial  cells  of 
intestinal  villi,  being  therefore  truly  radioprotective 
and  lA'toprofective  (69). 

St(!m  cell  survival  in  the  intestine  is  a  probable 
event,  even  if  radioprotectants  are  not  used.  For  this 
reason,  the  induction  or  administration  of  cell 
growth  regulators  after  radiation  offers  future  possi¬ 
bilities  for  enhancement  of  intestinal  recovery.  This 
approach  is  already  being  applied  to  the  stem  coll 
compartment  of  the  hone  marrow  of  irradiated  sub¬ 
jects  (71). 

Other  methods  to  promote  intestinal  recovery  may 
be  closer  at  hand.  Postirradiation  enteropathy  is 
exacerbated  bv  bile  and  pancreatic  proteases  (72.73). 
Kff('cts  of  th(;se  substances  may  be  enhanced  when 
the  mucous  barrier  is  lost  after  injury  (51,7-1).  These 
problems  can  be  alleviated  and  cellular  recovery 
enhanced  in  experimental  animals  fed  elemental 
diets  containing  amino  acids  before  irradiation 
(74-76).  Finally,  therapeutic  effectiveness  of  elemen¬ 
tal  di(!ts  has  also  berm  shown  in  patients  undergoing 
radiation  therapy  (77),  and  numerous  other  com¬ 
pounds  siu;h  as  micronutrients  (e.g.,  selenium,  vita¬ 
mins  A  and  K)  are  also  currently  under  study  as 
pot(!ntial  radioprotectants. 

Summary 

Three  typijs  of  injury  occur  in  the  gastrointes¬ 
tinal  tract  after  radiation.  Fmesis  and  gastric  sup- 
pr(;s.sion  are  caused  by  mechanisms  still  unknown, 
and  have  efhicts  that  complicate  radiotherapy  and 
the  treatment  of  p(H)ple  receiving  exposures  in  acci¬ 
dent  or  weapon  detonation  scenarios.  .Sufficient 
damage  to  the  e[)ithnlial  barrier  and  the  intestinal 
microcirculation  impairs  gastrointestinal  function, 
which  can  have  lethal  consequences.  The  mucosal 
immune  system  and  the  ecology  of  the  colonization 
resistant  flora  are  also  disrupted  after  radiation  ex¬ 
posure.  Thus,  mortality  and  morbidity  are  increased 
by  infectious  complications,  as  well  as  physiologic 
failure;. 

Progre'ss  is  being  made;  te)  e:ontrol  the  physiologic 
anei  immune)le)gie:  e:onse;e)uene;e.s  e)f  radiation  injury 
te)  the  gastreeintestinal  tract.  New-generation  anti- 
e;me;tie;.s  may  soon  control  sejine  elebilitating  effects  of 
radiation.  Furthermore,  supportive  therapy  with 
fluiels  atid  platelets,  as  well  as  controlled  diets,  can 
now  minimize  some  radiation  injury.  Radioprofcct- 


ants,  possibly  in  combination  with  growth  factors 
that  enhance  stem  cell  recovery,  may  soon  be  avail¬ 
able  to  prevent  or  to  rapidly  repair  gastrointestinal 
damage.  Selective  decontamination  with  poorly  ab¬ 
sorbed  antibiotics  can  now  offset  some  consequences 
of  immune  suppression  in  the  intestine  and  future 
studies  may  reveal  means  to  nonspecifically  enhance 
mucosal  immunity  as  systemic  immunity  can  now 
be  stimulated. 
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\Vc  ha\  c  esaniined  alterations  in  phosphate  pools  during  cellular  recovery  from 
radiation  damage  in  intact,  vvild-type  diploid  yeast  cells  using  "l’  nuclear 
magnetic  resonance  (NMR)  spectroscopy.  Concurrent  cell  survival  analysis  was 
determined  following  exposure  to  “Co  '/-radiation.  Cells  held  in  citratc- 
huftered  saline  (CHS)  showed  increased  survival  with  increasing  time  after 
irradiation  (liv]Utd  holding  recovery,  IJIR)  with  no  further  recovery  beyond 
4Xh.  .Addition  of  lOOmmoldm  *  glucose  to  the  recovery  medium  resulted  in 
greater  recovery.  In  the  presence  of  Smmoldm'^  2-deoxyglucose  (2-DG), 
LllR  was  completely  inhibited.  NMR  analyses  were  done  c>n  cells  perfused  in 
agarose  threads  and  maintained  under  conditions  similar  to  those  in  the  survival 
studies.  .Vri’  was  observable  by  N.MR  only  when  glucose  was  present  in  the 
recoverv  medium.  In  control  cells.  .ATP  concentrations  increased  and  plateaued 
with  increasing  recovery  lime.  With  increasing  radiation  dose  the  increase  in 
.A  TP  was  of  lesser  magnitude,  and  after  2(H)0(-y  no  increase  was  observed. 
These  observations  suggest  that  either  the  production  of  ATP  in  irradiated  cells 
is  suppressed  or  there  is  enhanced  ATP  ulilir.ation  for  repair  of  radiation 
damage.  In  CBS  with  lOOmmoldm  ^  glucose,  a  dose-dependent  decrease  in 
polyphosphate  (polyP)  vvas  detectable  with  no  concurrent  increase  in  inorganic 
phosphate  (P,).  In  the  absence  of  an  external  energy  source,  such  as  glucose, 
there  was  a  slight  increase  in  P, .  This  suggests  that  polyP  may  be  used  as  an 
alternative  energy  supply.  When  2-DG  was  present  in  the  recovery  medium, 
polyP  decreased,  but  there  was  a  simultaneous  increase  in  P,  with  increasing 
radiation  dose  and  recovery  time.  This  suggests  that  the  polyP  are  hydrolyzed  as 
a  source  of  phosphates  for  repair  of  radiation  damage. 


1.  Introduction 

Phosphorus  ( ^ '  P)  nuclear  magnetic  resonance  (NMR)  spectroscopy  is  currently 
being  used  to  monitor  cellular  metabolism  and  energetics  both  in  vitro  and  in  vivo 
(Navon  et  al.  I'f77,  Jacobsen  and  Cohen  1981,  N'icolay  el  al.  1983).  In  vitro  NMR 
spectra  can  be  generated  from  perchloric  acid  (PC.A)  extracts  obtained  from  cells 
(Navon  et  al.  1977).  However,  this  technique  involves  total  disruption  of  the  cells 
and  therefore  does  not  allow  dynamic  studies  of  cell  metabolism.  In  addition,  PCA 
extracts  permit  the  observation  of  only  acid-soluble  metabolites.  In  vivo  NMR 
spectroscopy  can  be  used  to  observe  major  mobile  (unbound)  metabolites  in  cells  or 
tissues.  Large  macromolecules  or  highly  immobilized  (bound)  molecules  will  not 

t  Reprint  requests  and  correspondence  should  be  addressed  to:  C.  K.  Swenberg, 
Department  of  Radiation  Sciences.  .AFRRI.  Building  42,  N.MCNCR,  Bethesda,  MD  20814- 
5145,  C.S..A. 
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trcniTiitc  iin  olist  rv  iililc  \MI<  ri-son;ince.  Hctau.sc  \.\IR  spectroscopy  has  an 
inherent  lack  ot  sensitn  ity  it  requires  the  use  of  a  la  rue  mini  her  ot  cells  tor  obtain  ini' 
spectra  w  ith  a  izoocl  sii;nai-lo-noise  ratio.  Cells  are  densely  packed,  which  results  in 
a  iionplu  sioloc'ical  state  and  e\  entual  cell  death  due  to  the  accumulation  ot  toxic 
metaholites.  .\  tei  hnii|ue  that  overcomes  these  ditticulties  and  allows  larne  numhers 
ot  cells  to  he  mamtameil  m  a  \  lahle  pliysioioi;ical  state  has  heen  described  h\  I'oxall 
.iiul  Cohen  (  I’t.S.i).  In  this  method,  cells  are  embedded  in  an  agarose  matrix  and  can 
he  pertuseu  with  meelui  or  butters  containing  nutrients.  Dittusion  ot  metiibolites 
throuith  the  attarose  reiiches  a  very  rapiil  eiiuihhnum  (I'oxall  t-l  ill.  1684).  In  this 
stmh  we  ha\e  utilized  this  technii|ue  to  monitor  phosphate  metabolism  durini; 
lK|uid  holdint;  reco\  ery  tollowini;  ionizini;  irradiation  under  a  variety  ot  conditions 
tor  wild-type  diploid  yeast. 

Diploid  least  iSiti  i  liaritiiiyi  es  ffrii  isiiii)  exhibits  well-documented  recovery 
trom  potentially  leth.il  d.miaue  (lu|uid  holilinit  or  d;irk  recovery)  (Patrick  i'/  ill. 
|6fi4).  In  least  this  recoieri  has  been  attributed  to  the  repair  ot  double-strand 
breaks  muler  nonitrow  th  eoiulitions  ( I'rankenberit-Schw  alter  ft  ill.  1  680).  Since  it  is 
known  that  eiieriti  is  rei|uired  tor  recovery  trom  radiation  damaite  (Jain  ft  ill.  1677) 
m  addition  to  cell  itrowth  and  maintenance  (Jain  <7  til.  1682),  this  ini  estiitation  was 
uiiilertaken  to  determine  it  chanites  in  "P  N.\1R  spectra  would  correlate  with  cell 
sensitii  iti  to  radiation  killmit.  Repair  reijuires  the  synthesis  ot  traitments  ot  nucleic 
acids,  production  ot  repair  enzymes,  and  eneriti ,  usually  in  the  form  ot  .ATP. 
Poll  phosphates,  found  in  l  east,  are  polymers  of  orthophosphate  (inoritanic  phos¬ 
phate)  linked  with  hinh-eneruy  phosphoanhydride  bonds  (A’oshida  1655).  The  chain 
leniith  of  these  poll  phosphates  can  vary  from  several  to  several  hundred  phosphate 
residues  (Harold  1666).  These  polyphosphates  can  be  separated  into  four  fractions: 
PP,.  PP.,  PPi.  and  PPj  (llarold  1666,  Kulaev  1676).  PP,  and  PP4  are  the  most 
hiuhli  |ioli nurized  (mean  chain  lenitth  of  55  and  260  phosphate  residues,  respec¬ 
tively)  and  appear  to  be  located  near  the  cell  plasma  membrane.  Due  to  their  lenuth 
•md  association  with  the  plasma  membrane,  these  phosphates  are  probably  not 
detecteil  hi  NMR  spectroscopi .  Fractions  PP,  and  PP-  are  much  less  polymerized, 
hai  ini'  chain  lenuths  of  2  40  orthophosphate  residues,  and  are  located  throiiuhout 
the  cell,  in  the  cytoplasm,  nucleus  and  vacuoles  (Kulaev  1676).  'I'he  physioloi'ical 
role  ot  poll  phosphates  is  not  known,  but  it  has  been  proposed  that  they  may  sene 
la)  as  a  store  of  phosphate  bond  eneri'y.  (b;  as  a  phosphate  reserve,  and  or  (c)  as 
ilirect  phosphori  latmi;  au'ents  in  metabolic  pathways  (Mudd  ft  ill.  1658,  .\icolay 
ft  III.  168,5,  Wood  1666).  ’’P  investiitations  (see  Kulaev  1676)  have  shown  that 
Ir.iction  PP^  accumulates  ilurini;  nucleic  acid  biosynthesis  w  hereas  traction  PP,  is 
u-vvl  for  the  biosynthesis  of  nucleic  acids  anil  niieleotiile  triphosphates.  lienee,  we 
h.iie  measured  the  variations  in  phosphate  pools  ilurini'  lii|uid  holiiini;  followini' 

,  -irr.idiation  in  wikl-tipe  least  usini!  N.MR  spectroscopi  ,  (  hani’es  in  the  cellular 
metabolism  of  phosphates  were  correlateil  with  cellular  recov  ery  determined  by  cell 
'iiri  11  ,il  experiments. 

2.  Materials  and  methods 

2.1.  (  'fll  nil  turf  iiiitl  siirriiiil  assiiy 

Wild-tipe  diploid  yeast  cells  (obtained  from  Yeast  (lenetic  Stock  Center, 
Rerkelev,  C.\;  Stii  fliiirnitiyffs  ferfi  isiiif.  strain  X2 1 8()XS288C)  were  cultured  in 
'I'liPD  medium  1  I  per  cent  i  east  extract.  2  per  cent  peptone  and  2  per  cent  dextrose; 
(iibco  Laboratories,  Inc..  Madison,  Wl).  Loni'-term  cultures  were  maintained  at 
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4  C  on  auar  (2  per  ci-nt)  plates.  For  dark  rccovt-rv  expcTiments,  cells  were  j’rown  to 
plateau  phase  in  liquid  't'FPI)  broth  at  5(>  C  tor  24  48h  before  experiments.  Cells 
for  survival  analysis  were  diluted  in  phosphate-buffered  saline  (I’ltS),  and 
irradiatcil  at  a  cell  density  of  1  x  1(1"  cells  ml.  Prior  to  irratliation,  cells  were 
sonicatcil  for  ,1  s  to  ensure  a  sini>le  cell  suspension.  Cell  surv  iv  al  was  determined  by 
dilutint;  ihc  t  ell  suspension  and  platinji  on  nutrient  Vh'Pl)  attar.  Cells  were  held  on 
ICC  to  ensure  no  repair  of  radiation  damatje  before  platine.  .Attar  plate.v  were  then 
incubated  at  .b)  C  for  .v  4  dav  s  to  allow  colony  formation. 

Delav  ed  platini;  experiments  were  conducted  by  holdinit  the  cells  (lO"  cells  ml) 
in  PMS  in  the  dark  at  2(1  C  for  the  indicated  times  before  platintt  on  nutrient  attar. 
.\s  before,  the  cells  were  incubated  at  30  C  to  allow  colony  formation  after  platintt. 
In  some  experiments,  citrate-buffered  saline  (CHS)  was  substituted  for  I’HS  during 
the  irradiation  and  recovery  periods. 

2.2.  Radiation  tnd  or  t  liemit  al  treatment 

Bilateral  irradiations  were  performed  usint!  a  *'‘'Co  /-irradiator  (dose  rate 
.i|ipi oximatcly  .52  (iv  min).  Cells  were  irradiated  at  4  C  in  a  continuously  shaken 
K  c-w  .itcr  bath. 

I'or  experiments  mvolvintt  chemical  treatments  the  chemicals  were  present 
iltiriii't  irradiation  and  the  recov  ery  period.  2-l)eoxv -li-ttlucose  was  obtained  from 
Sittma  C  hemical  Co.  (St  Louis,  .MO).  Solutions  were  prepared  in  PBS  and  tiltered 
throtiuh  a  sterile  (I  2/im  Naluene  filter  on  the  day  of  the  experiment.  Cells  were 
resuspeniled  in  PBS  containing:  the  chemicals  immediately  prior  to  irradiation. 

2.3.  Rrefiaration  of  cells  (or  S MR  experiments 

.Xssiunment  of  resonances  in  the  NMR  spectrum  was  accomplished  by  use  of 
PC  A  extracts  of  cells.  Resonances  were  assiuneil  by  comparini:  chemical  shifts  to 
liter. iture  v  .iKies  (Salhanv  et  al.  i‘>75.  N'avon  et  al.  I')7'f)  by  (1)  performinu  pi  I 
titrations  ami  observ  mi:  chanues  in  chemical  shifts,  (2)  addinu  certain  enzymes  (t.g,. 
u'liu ose-(i-phosphataset  and  notinc  restiltini:  alterations  in  the  spectrum,  and  (3) 
'spikint;'  the  extr.ict  bv  atidition  of  known  phosphorylated  compounds  and  notinc 
spectral  vhatiuis.  When  obtainint:  PC.A  extracts,  cells  vveie  irradiated  at  a  cell 
tleiisitv  III  .s  s  Id”  cells  ml  and  then  pelleted,  washed,  and  resuspended  in  d  d  per 
tent  \aC  I.  Phosphates  were  extracted  with  coltl  h  percent  (vv  v)  perchloric  acid, 
then  Irceze-th.ivvetl  three  times  in  a  dry  ice  ethanol  slurrv .  The  extract  was 
1 1  Mtriftiuetl  and  the  supernatant,  containint;  acid-soltihle  phosphates,  was  neu- 
tr,ili/ctl  to  pi  I  “d  bv  adtiition  of  2  mol  tint  '  Is^CO,.  Precipitated  KCIOi  was 
reniovetl  bv  centri fuitat ion  and  subsei|uent  filtration  of  the  extract  with  a  d-2/(m 
(liter  I ) .  ( )  vv  as  ,ultk  tl  (  Id  per  cent  by  v  oltinie)  to  the  sample  solution. 

Ill  inn  dark  recoverv  experiments  were  comliicted  tisini:  3  x  Id''  viable  cells. 
The  cells  wire  ccntrifui:ed  anil  resuspeniled  in  a  mixture  of  d-2ni!  d  '>  per  cent 
\.it  I  .iiid  1  4  ml  low -tii  llmu-teinperature  (liit)  aitarose  (FMf  Corp.  Rockland, 
\ILl  III  .1  tin.il  com  eiitr.ition  of  dd  per  lent  lut  aitarose.  The  imarose  lell  mixture 
w.is  then  cxtriiileil,  under  mild  pressure,  thrmiuh  narrow  (O-.s  mm  i.il. )  Teflon 
liilimi;  111  .in  ice  bath  into  a  12-mm  screw -cap  .\.MR  tube  (Wilmad.  Buena,  NJ). 

(  ell  loss  iliirinL'  extrusion  was  s'  |d  per  lent.  The  'spiiuhetti-like'  acarose  threails 
selllcd  al  the  bottom  of  the  tube  in  such  a  wav  that  all  cells  were  within  the 
radiotrei|iicni  V  transmitter  receiver  reition  of  the  NMR  probe,  .\  hollow  Kel-F 
iiisirt  vv.is  situateil  in  the  NMR  tube,  allow  ine  the  continuous  perfusion  of  the  cells 
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during  irradiation  and  acci'iisitinn  of  spectra.  Control  spectra  were  acquired  before 
irradiation  of  cells  in  the  perfusion  apparatus. 

2,4.  \ M U  xpfclrdifiipy 

”1’  \  M  R  spectra  were  acquired  at  SO  'iS  .MHz  w  ith  a  sweep  width  of  +  2500  Hz 
usiiil;  a  Nicolet  N'r-200  wide-bore  NMR  with  a  \icolet  12-mm  tunable  probe. 
W  hen  deuteriiini  was  not  piesent  (for  in  vivo  preparations),  the  shinimini;  of  field 
hoinoi,'etieit\  was  achieved  by  optimizin>»  the  water  free  induction  decay  signal 
throuuh  the  'll  decoupler  channel.  For  spectra  obtained  on  PC.A  extracts,  a  otie- 
pulse  sequence  consisting,  of  a  70  pulse  (20/is).  repeated  every  2-2  s,  was  siftnal- 
averatjed  for  1000  to  5000  acquisitions.  Spectra  of  perfused  cells  were  also 
L’encrated  usini;  a  one-pulse  sequence,  with  a  70  pulse  and  200-ms  delay,  and 
siiinal-averaited  for  1476  acquisitions.  Total  acquisition  time  was  15  min  per 
spectrum,  aiui  four  spectra  W'-re  added  so  that  the  final  spectra  represent  the 
.iveraite  concentrations  over  a  Ih  time  interval.  Resonance  areas  were  obtained 
In  computer  inteitration  usint;  standard  Nicolet  software  and  are  accurate  to 
r  10  per  cent. 


3.  Results 

When  diploid  yeast  cells  were  held  in  phosphate-buffered  saline  (I’B.S)  follow- 
init  irradiatii.n,  there  was  increased  survival  with  increasinn  time  (fitture  l.A).  'I'his 
phenomenon  has  been  described  as  liquid  holdintt  or  dark  recovery  an  I  is  evidenced 
by  an  increased  shoulder,  !)^  (Hall  1687),  of  the  survic  al  curve  (table  1 ).  No  further 
recov  ery  was  observed  beyond  48  h  of  lic)uid  holding  time.  Cells  held  in  citrate- 
buffered  saline  (Cli.Sf  exhibited  similar  recovery  as  for  cells  held  in  PBS  (data  not 


I'lCtire  I,  l)ei.i\eil  [ilatina  0u|uul  hoUliiiu  recoveryl  for  wiid-tvpe  veast.  Cells  were 
irr.iiliateil  and  iiieiihaleil  for  O  1  #,  ♦  ),  ’4  (  ).or4S(>,  >  )  h  in  (.A  I  PIIS  only  or 

lit)  Pits  wiili  lOOnioltlin  '  elueose. 
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Tahli'  I.  RfcoMTX  ot  «ikl-lypi'  yeast  ceils  during  liituiil  hiildinit  recovery  in  I’HS  with  iir 
without  ctlucose  or  2-deo\yjjlucose. 
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shown).  When  lOOmoldm  ■'  glucose  is  present  in  the  recovery  medium,  the 
shoulder  ot  the  surv  iv  al  curve  increases  more  rapidly  w  ith  no  effect  on  the  slope 
(hyure  I  U).  Recovery  was  expressed  as  the  recovery  ratio,  dehned  as  the  dose  of 
radiation  utter  delav  ed  plating  divided  by  the  dose  after  immediate  platinjr  to  obtain 
an  isosurv  ival.  e.«.  10  '  (table  1).  This  ratio  demonstrates  that  there  is  ;;reater 
recov  cry  when  ulucose  is  present  in  the  holdint;  medium. 

In  tinure  2,  representative  NMR  spectra  of  both  in  vivo  and  in  vitro 
preparations  of  cells  are  show  n.  'I'his  tiKure  shows  the  effects  of  radiation  at  2000  (iy 
on  the  in  l  ivo  cell  suspension  perfused  with  t'HS  in  the  presence  of  100  mmol  dm  '  ■* 
ulucose,  hir  both  immediate  and  24-h  liquid  holdiny  time  on  the  .S.MR  spectra. 

( )nlv  in  the  presence  of  glucose  are  the  .ATI’  resonances  easily  resolvable  for  in  vivo 
preparations  ( peaks  3,  4,  and  S).  I’C.A  extracts  of  unirradiated  cells  were  used  for  the 
identification  of  resonance  signals.  The  chant:es  in  NMR  observable  phosphates  in 
I’C.A  extiacts  of  yeast  (acid-soluble  phosphates)  were  determined  as  a  function  of 
dose  (tiifure  .i).  The  data  are  plotted  as  a  percentauc  of  unirradiated  controls;  the 
area  under  each  NMR  resonance  signal  was  taken  to  be  proportional  to  the  amount 
of  phosphate  present  .All  observable  phosphate  metabolite  concentrations  in¬ 
creased  with  increasii  i’  viose.  In  particular,  the  suijar  p!  osphates  (SR)  increased 
twii-fold  after  .sOd  2()(l(l(>y,  althoimh  at  hijjher  doses  the  increase  was  not  as 
dramatic.  I'he  levels  of  miilvlle  phosphates  (.MR)  of  loni’-chain  polyphosphates 
.mil  the  :t.  jl.  .ind  /  phosphates  of  .ATR  also  were  increased.  Only  the  /f-.ATI’  reson- 
incc  yielded  a  true  indication  of  .ATR  levels,  since  the  X  and  V  resonances 
also  contaiiu  I  contributions  from  a  and  /;‘  .ADR  phosphates,  respectively.  'I'he 
;  -  ATR  resonance  (bottom  panel)  overlaps  the  resonance  from  the  end  phosphates 
(liRl  of  lonii-chain  polyphosphates.  We  tentatively  attribute  this  increase  in  all 
phosphates  with  increasini;  ilose  to  be  the  radiation-induced  disruption  of 
bound  intracellular  phosphate  molecules,  which  enables  more  coioj  lete  extraction 
of  phosphates  by  RC.A. 

In  vii  o  '  R  N.M  R  spectra  were  acquired  for  cells  perfused  with  oxytjenated  C.'HS 
I’aiinu  liquid  holdini;  recovery  for  24  h  followini;  irradiation.  .NMR  spectra  were 
acquired  on  cills  emheddeil  in  ittarose  threads  before  irradiation  as  internal 
controls.  The  area  under  each  resonance  peak  was  determined  relative  to  the  area 
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I'ltiuri'  1.  \MK  spfitra  iit  vt-asl  Intiirr  aiul  alter  irraitialion.  I'ppi-r  spectnim  (A) 
rtpriM'pls  I’t'A  fxtraits  ot  unirrailialol  cells  used  lor  identiHcatiun  ot  resimances: 
111  MiLiar  phosphates  (SI’),  (2)  iiiuriiaiuc  phosphate  (I’,).  (.^)  end  phosphates  of 
pol\ phosph.ites  ami  ■.-ATI’.  (4)  i-A'I'I’.  (5)  \'AI)‘,  ((>  10)  penultimate  and 
middle  phosphates  of  polyphates  of  polyphosphates.  /I-.A  I  P  also  contributes  to 
resonance  S.  Kemainuii;  spectra  are  for  intact  cells  in  aitarose  threads.  The  lower  two 
s|iectra  are  from  cells  that  received  20(M)(;y  and  then  perfused  with  PUS 
containini!  lOOinmoldm  '  ulucose  for  O  (U)  or  24  h  (f),  liurim;  which  time  dark 
recoxer\  occurreil. 


uiulcr  tile  initial  total  spectrum  for  iinirradiated  controls.  The  ttital  .\MR  observ- 
ilile  phosphates  (total  area  of  the  inteurated  .spectrum)  \  aried  durinu  the  liquid 
holilini;  penoil.  Therefore,  each  intenrated  area  was  corrected  for  the  chanue  in 
total  area.  These  \alues  were  then  related  to  the  peak  area  of  the  preirradiated 
spectrum.  In  the  presence  of  PBS  there  is  a  lari;e  narrow  resonance  attributable  to 
extracellular  l’|.  Therefore,  in  order  to  observe  the  N.\IR  resonance  associated  with 
intracellular  1’,,  experiments  were  conducted  with  cells  perfused  with  CB.S. 

I'or  cells  irradiated  and  held  in  CBS  for  NMR  analysis  durinj;  liquid  holding 
recovery,  the  total  N.MR  observable  phosphates  remained  relatively  constant 
(tiljure  4.A).  The  middle  phosphates  of  lonij-chain  polyphosphates  (polyP)  re¬ 
mained  nearly  constant  for  24  h  in  the  absence  of  radiation,  with  some  evidence 
of  periodic  variation  (timire  4B).  There  was  an  initial  20  per  cent  decrease  in  in- 
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I'lmirc  .V  NMH  phosphali'  Icvt-ls  lor  I’t'A  cxi  rails  ol  yeast  as  a  lunition  of  dose.  SI’,  suuar 
phosphates;  .Ml’,  middle  phosphates  of  lonu-ehain  polyphosphates;  /I,  /f-phosphale  of 
ATI’;  j.  7-phosphale  of  .ATI’;  l%l’  +  v.  end  phosphates  of  polyphosphates  and 
;  -phosphate  ot  .\TI’  See  text  for  detads. 


ortjanie  phosphate,  whieh  returned  to  initial  levels  2llh  after  perfusion  was  heuun 
(timire  4C').  I’oKI’  levels  also  remained  eonstant  followini;  5(M)(jy.  Kollowinn 
KHHKiv  there  was  inereased  iitili/.ation  of  polyl'  (20  per  eent  decrease  in  middle 
phosphates  after  24  h  I.  I'or  both  500  and  !000(  >y.  1*,  showed  an  initial  decrease  and 
then  heuan  to  ir.cre;ise  4h  after  irraihalion.  I’j  levels  were  40  per  eent  greater 
ih.in  for  unirrailiateil  eells  at  24  h  .liter  irrailiation,  and  appeared  to  he  increasing; 
tiirlher. 

When  lOOmmoKIni  '  u'lucose  is  present  in  the  reeovery  metlium,  total  phos- 
ph.ite  lev  els  mk  reaseil  sliuhtly  durinu  the  first  Ifi  h  for  control  cells  and  then  returned 
to  baseline  levels  after  24  h  of  perfusion  (liuure  5.A).  Kollovvint;  500(Iy,  total 
phosphates  iiu  reaseil  ov  er  the  first  hh  after  irradiation  and  then  appeared  to 
underuo  lluetiuitions  with  approximatelv  a  fih  periodicity.  .At  hiuher  raiiiation  doses 
there  is  an  av  erai;e  eontinuous  ileerease  ( 25  per  cent  over  24  h )  vv  ith  iticreasinu  time. 
How  ev  er,  the  perioilieitv  observ  ed  for  the  eo  itrol  and  500  (Jy  ilata  appears  more 
pronouneeil.  There  is  a  uradual  ileerease  in  the  middle  phosphates  of  lon(;-chain 
polv  phosphates  with  iiu  reasmi;  time  after  irradiation  (h(;ure  5H),  which  is  more 
pronouneeil  in  the  presence  ol  raiiiation.  Control  cells  showed  an  initial  sliuht 
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I'lnurf  4.  C'hanm-S  in  (A)  tiital  NMR  obscrvabir  phiisphatts,  (H)  midcile  phf>sphates  of 
lofiK-chatn  polvph<isphatfs  (Ml’),  and  ((.')  inorKanic  phosphate  (I*,)  durinc  liquid 
holding  recovery  of  cells  perfused  with  CBS  as  determined  by  *'!’  NMR  spec¬ 
troscopy,  Amounts  of  MI’  and  I’,  are  corrected  for  any  chanKe  in  total  amount  of 
pihosphates.  All  values  are  determined  relative  to  preirradiation  value.  Cells  received 
(I  (•),  5011  (  .),  or  1000  (A) 
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5  C'hanues  in  (A)  total  \.\1H  obscrvabir  phosphates,  (H)  middle  phosphates  of 
loroi-thain  polyphosphates  (Ml’),  and  (C)  inorKanie  phosphate  (I’,)  during  litpiid 
holdinK  recovery  of  cells  perfused  with  C  BS  and  KHImmohlm  '  glucose  as  deter¬ 
mined  bv  "I’  NMK  spectrttscopy.  All  values  are  determined  as  described  in  figure  5. 
C  ells  received  »  (• ).  .S(H)  (  i ).  KMM)  ( ▲  ).  or  ’(MM)  (  :  )  (iy. 
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iiUTfiisf  m  pul\  I’  lollowfil  liy  ii  uraJual  ilffliiif.  llowfX  fr,  altfr  24  h  ol  perfusion, 
llure  was  no  relatii*'  ihaniie  in  polyl'  eoinparetl  to  its  initial  laliie.  The  inorganic 
phosphate  lexels  showeil  a  very  dramatic  variation  {lifjure  5C').  In  the  presence  of 
ulucose.  I’,  uas  present  at  xcry  low  concentrations  (  <  5  per  cent  of  the  total  NMU 
spci  tra )  \\  hcrcas  m  the  ahsence  ol  glucose  the  contribution  of  I’,  to  the  total  spectra 
u.is  on  the  order  of  25  per  cent.  'I'here  was  a  periodicity  in  the  amount  of  I’,  with  a 
pcnoil  of  appro\imatel>  H  h  and  this  showed  a  maximum  fluctuation  of  hO  per  cent 
at  all  iloses.  'I'his  was  also  obserxed  m  the  irradiated  cells.  Due  to  the  smail 
contribution  of  I*,  to  the  tot.il  spectra,  the  error  as.siaiated  xvith  the  determination  of 
Its  relatix  e  area  is  much  laryer  than  xvith  the  other  resonances.  Hecause  of  this,  we 
interpretexi  the  data  to  shoxx  that  oxerall  there  was  little  chan>;e  in  P,  lex  els  during 
the  recox  erv  pcrioil. 

In  the  presence  of  a  glucose  analouiie,  2-xleo\y(,'lucose  (2-l)(j),  ylycolysis  is 
mhihited.  lor  lells  held  in  recoxery  medium  '.ontaininu  5mmoltlm  '  2-I)(i, 
lu|uid  hoUhiii:  rei  ox  ery  is  inhihiteil  ( timire  h).  There  is  sliithtly  increased  cell  killing 
in  the  presence  of  2-l)(f,  indicatint>  some  toxicity.  'This  is  also  evidenced  by  the 
rex  I IX  erx  ratio  yix  en  m  table  I .  The  total  N.\I  l<  observable  phosphates  decreasex!  tor 


fieurx-  t>.  IniT'.U'xliate  anxl  xlehivexl  platinx;  of  xxilxl-txpe  xeast  in  presence  »if  a  i;lucose 
aMaloc'ite.  5  mniol  xlm  '  2-xlxi>xvi:liix ose  t.’-IXi).  Cells  xxere  irraxiiatexi  anxt  heixl  in 
(MIS  I  ontainine  2  - 1 )( •  for  II  (  ♦ ),  24  (  I.  anxl  4H  I  >  I  h. 
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coiurol  cells  but  increased  following  lOOOfjy  (rtgure  7A).  After  2000 (jy  there 
appear  to  be  Huctuations  on  the  order  of  20  per  cent  with  an  8  h  periodicity. 
lloue\er,  in  another  control  experiment  the  total  phosphates  showed  an  initial 
increase  and  then  declined.  In  all  experiments  with  tOlKKJy,  total  phosphates 
either  remained  constant  or  increased.  NMR  analysis  shows  a  decrease  in  the 
midd'e  phosphates  of  long-chain  polyphosphates  (polyl’)  even  in  the  absence  of 
radiation  (figure  7H).  This  decrease  did  not  correlate  with  increasing  radiation  dose. 
The  d..ta  shown  for  lOOlKJy  are  representative  of  several  experiments,  although  in 
some  experiments  the  decrease  in  polyl*  was  more  pronounced.  .Although  in  the 
presence  of  glucose  there  was  no  overall  increase  in  inorganic  phosphates  (I*,)  as  a 
function  of  time,  the  presence  of  2-deoxyglucose  in  the  recovery  medium  resulted 
in  a  concomitant  increase  in  I*,  with  decreasing  polyl*  (figure  7C).  The  most 
ilramatic  change  in  both  polyl’  and  I’j  was  seen  following  2000 fjy.  .Although  not 
shown  here,  the  N.\IR  spectrum  displays  a  very  prominent  peak  associated  with  2- 
deoxyglucose-()-phosphate.  It  accounts  for  approximately  25  per  cent  (determined 
In  ratio  of  areas)  of  all  observable  phosphates  by  the  end  of  the  experiment. 

l-'urthermore,  in  the  presence  .if  glucose  it  is  possible  to  observe  .ATI*  reson¬ 
ances  that  are  beneath  the  level  of  detection  by  S' MR  in  the  absence  of  glucose.  The 
relativ  e  amount  of  .ATI’  was  determined  from  the  area  of  the  ^'l*  resonance  signal 
of  /(-.ATI*  relative  to  the  total  amount  of  \'MR  observable  phosphates  (figure  8). 
There  are  difficulties  in  assigning  the  area  under  resonance  No.  8  (see  figure  2)  to 
the  .ATI’  content  of  the  cell  since  1*1’  also  contributes  to  this  peak.  Judging  by  I’C.A 
extracts  /(-.ATI’  contributes  (to  resonance  No.  8)  approximately  30  35  per  cent; 
howev  er,  direct  comparison  to  in  vivo  data  is  difficult  since  extractability  of  ATI* 
and  polv  phosphates  could  differ.  In  our  discussion  vve  assume  that  any  variation  in 
resonance  No.  8  area  is  due  to  changes  in  .ATI*.  Cells  held  in  CBS  containing 
lOOmmoldm  '  glucose  with  no  radiation  showed  almost  a  three-fold  increase  in 
.ATI’  lev  els,  which  plateaued  after  8  h  of  liquid  holding.  Following  irradiation  there 
was  less  of  an  increase  in  .ATI’  levels  so  that,  with  2<M)0(iy,  /(-.ATI*  levels  remained 
constant.  In  cells  exposed  to  500(;y  there  was  an  initial  decrease  in  the  first  4h 
followed  by  an  increase,  whicb  plateaued  after  14h.  With  KKKXiy,  .ATI*  levels 
increased  over  the  first  I2h  and  then  decreased  back  to  preirradiation  levels.  Cells 
that  received  200(1  (jy  showed  no  change  in  .ATI’  levels  during  24  h  tif  liquid 
bolding  alter  an  initial  decrease  in  the  first  2h  following  irradiation. 


4.  Discussion 

The  present  inv  estigation  was  undertaken  to  examine  the  relationship  between 
high-energv  phosphates  and  the  recovery  from  potentially  lethal  radiation  damage 
in  veast.  I,i(|uid  holding  recovery  in  yeast  has  been  shown  to  be  altered  by  a  variety 
ot  agents  that  moditv  the  energy  supply,  such  as  2-deoxyglucose,  potassium 
cyaimie,  and  2,4-dinitrophenol  (Patrick  and  Haynes  I'164,  Jam  f'  ai.  1977). 
Furthermore,  if  energy  production  is  inhibited  prior  to  irradiation,  there  is  a 
reduced  capacity  for  cell  survival  (Seymour  et  al.  198.').  In  this  study  the  addition 
of  gluco.se  to  the  extracellular  medium  resulted  in  greater  rectivery,  as  demonstrated 
bv  a  larger  recov  erv  ratio  (see  table  I).  In  contrast,  there  was  no  recovery  observed 
in  the  presence  of  2-deoxyglucose,  and  there  was  a  reduction  of  the  shoult'.er  of  the 
surv  iv  al  curve  (D^).  This  decrease  in  /)^  has  been  attributed  to  a  de-  rease  in  the 
intracellular  .ATP  concentration  (Reinhard  and  Pohlit  1976). 
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FiKure  S,  Changes  in  ATP  levels  during  delayed  plating  recovery.  Amount  of  ATP  was 
determined  from  area  of  the  ^'P  resonance  signal  of  ^-ATP  relative  to  total  amount  of 
.\MR  observable  phosphates.  Cells  were  irradiated  and  perfused  with  CBS  contain¬ 
ing  lOOmmoldm'^  glucose.  Cells  received  0  (•),  500  (□),  1000  (A),  or  2000 
(0)(}y. 


For  cells  perfused  with  CBS  there  was  both  a  time-  and  dose-dependent 
decrease  in  polyphosphate;;.  The  polyP  levels  for  control  cells  perfused  with  CBS 
displayed  a  periodicity,  with  levels  increasing  to  approximately  20  per  cent  higher 
than  baseline.  A  possible  rationale  for  this  temporal  periodicity  is  that  cells  could  be 
using  the  extracellular  citrate  (after  it  is  transported  into  the  intracellular  medium) 
as  a  precursor  for  energy  production  with  the  subsequent  synthesis  of  RNA.  As  has 
been  shown  by  Kulaev  (1979),  the  PPj  fraction  is  synthesized  concurrently  with 
nucleic  acid  biosynthesis.  It  is  hypothesized  that  these  intracellular  metabolic  cycles 
have  intrinsic  cycling  times  which  we  tentatively  associate  with  the  observed 
polyP  periodicity.  For  irradiated  cells  the  complex  time-dependence  of  polyP,  as 
measured  by  NMR  spectroscopy,  could  be  interpreted  as  resulting  from  interplay 
between  PP,  and  PPj  contributions  to  the  NMR  polyP  resonance.  As  noted  above, 
evidence  has  been  reported  suggesting  that  PP|  is  utilized  for  the  synthesis  of 
nucleic  acids  and  nucleotide  triphosphates  (Mudd  et  al.  1958,  Kulaev  1979).  Thus, 
our  irradiated  data  (at  least  for  doses  of  500  and  1000  Gy  which  showed  decreases  in 
polyP  with  increasing  time)  suggest  that  PP,  is  consumed  at  a  greater  rate  than  is 
the  production  of  PPj .  However,  this  interpretation  assumes  that  the  contribution 
to  the  polyP  resonance  per  phosphate  is  the  same  for  both  PP,  and  PP2  fractions. 
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When  ulucose  was  added  to  the  recovery  medium  there  was  attain  both  a  time- 
and  dose-dependent  decrease  in  the  middle  phosphates  of  the  lontt-chain  poly¬ 
phosphates,  The  absence  of  a  concurrent  increase  in  1’^  sut't’ests  the  followint; 
explanations  for  this  decrease:  (a)  polyl*  are  beintj  used  for  the  direct  phosphory¬ 
lation  of  ijlucose,  (h)  polyl*  are  beintj  used  as  a  source  of  phosphates  in  the  repair  of 
DN.A  damage,  or  (c)  polyP  are  beiim  used  in  the  synthesis  of  RN.As  which  may  code 
for  synthesis  of  repair  enzymes.  Kvidence  that  the  direct  phosphorylation  of  tjiucose 
is  not  the  sole  explanation  comes  from  our  data  on  phosphate  metabolism  in  the 
presence  of  2-deoxy('lucose,  a  glucose  analogue  that  results  in  the  inhibition  of 
t'lycolysis.  In  the  \MR  analysis  of  cells  irradiated  and  held  in  recovery  medium 
containint;  2-1)0,  there  was  a  decrease  in  the  middle  phosphates  of  the  lony-chain 
polyphosphates.  However,  unlike  cells  that  were  held  in  ulucose-containinK  recov¬ 
ery  medium,  there  was  a  corresponding  increase  in  Pj  (H^ures  5C  and  7C').  This 
increase  in  P,  was  also  (treater  than  that  observed  with  CBS  alone  and,  in  fact,  did 
not  show  the  initial  20  per  cent  tlecrease.  If  polyP  were  bein(;  used  solely  for  (jlucose 
phosphorylation,  the\  would  be  used  in  the  presence  of  both  (jlucose  and 
2-deoxy(’lucose  to  form  (tlucose-b-phosphate  and  2-deoxy('lucose-6-ph()sphate, 
respectively.  In  some  lower  species,  polyphosphates  can  directly  phosphorylate 
({lucose  with  the  enzyme  polyphosphate  >>lucokinase,  but  this  enzyme  has  not  been 
identified  in  yeast  (Kulaev  I*)?*)).  However,  it  does  appear  that  polyphosphate  is 
used  to  phos|)horylate  (jlucose,  althouRh  it  may  be  an  indirect  reaction  as  chemical 
energy  of  polyP  bonds  do  not  appear  to  be  directly  available  to  the  cells  (van 
Stevenick  l')()8).  PolyP  may  indirectly  phosphorylate  ADP  or  a  carrier  or  enzyme 
that  can  mediate  the  transport  of  glucose  into  the  cell  (van  Stevenick  1968).  'I'he 
inorttanic  phosphate  would  therefore  be  expected  to  show  similar  chantjes  in  both 
({lucose  and  2-deoxy({lucose,  a  conclusion  not  supported  by  the  data  reported  in 
ti({ures  5  and  7.  Therefore,  ptilyP  must  be  utilized  as  a  phosphate  source  for  more 
thai'  ({lucose.  Our  experimental  evidence  supportin({  explanations  (b)  and  (c)  as  also 
bein({  viable  possibilities  is  reflected  in  the  chan({es  in  Pj.  'I’he  increase  in  P|  durin({ 
recovery  in  the  presence  of  2 -deoxy ({lucose  su({({ests  that  polyP  are  also  bein({  used 
as  a  phosphate  source  for  DN.A  repair  andor  R\.A  synthesis.  Polyphosphates 
decrease  durin({  DN.A  synthesis  in  the  absence  of  extracellular  Pj,  su({({estin({  that 
polyP  are  bein({  used  as  a  substitute  phosphate  source  ((iillies  et  at.  1981).  mRN.A 
synthesis  has  been  shown  to  increase  si({nificantly  followin({  irradiation,  althou({h 
there  was  inhibition  of  protein  synthesis  (Sko({  et  at.  1985).  'Pherefore,  althou({h 
there  may  be  no  increase  in  total  repair  enzymes,  there  are  still  increased  nucleic 
acid  synthesis  and  repair,  which  require  phosphate.  This  interaction  between 
polyphosphates  and  other  intracellular  macromolecules  is  illustrated  in  ti({ure  9. 
This  is  a  modification  of  a  hypothetical  scheme  outlined  by  Kulaev  (1979)  for  hi({h 
molecular  wei({ht  polyphosphates  in  fun({i  .  In  this  scheme  we  note  the  interdepen¬ 
dencies  exhibited  by  p.ilyphosphates,  nucleotide  triphosphates,  nucleic  acid  biti- 
synthesis,  and  .ATP. 

The  observation  that  the  inhibition  of  recovery  is  ({reater  in  respiratory- 
deficient  mutants  than  wild-type  yeast  (Jain  rt  <il.  1982)  su({({ests  that  ener({y  is  still 
supplied  by  the  respiratory  pathway.  I'urthermore,  it  has  been  shown  that  when 
2-deoxy({lucose  is  present  in  the  recovery  medium,  both  DN.A  repair  and  recoverv 
from  potentially  lethal  radiation  damai{e  are  reduced  (Jain  ef  ill.  1977,  N'erma  el  ill. 
19H2).  I-'rom  these  investittations  the  authors  concluded  that  DN.A  repair  depends 
on  .ATP.  Our  data  indieated  that,  in  the  presence  of  ({lucose,  .ATP  concentrations 
,ire  increased,  w  hich  is  supported  by  the  work  of  Reinhard  and  Pohlit  (1976).  .ATP 
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I  murt-  Modirifation  of  hypotheti'al  scliemc  tor  metabolism  of  polyphosphates  as 

outlined  by  Kulaev  (197')y 


has  been  shown  to  be  required  for  the  repair  of  DNA  and  cellular  recovery  from 
radiation  damaKc  (Matsudaira  et  <il.  1970,  N’erma  el  al.  1982).  In  the  absence  of 
radiation  there  is  a  three-fold  increase  in  .A'l’l’  durinj;  holdini;  time  in  CBS  with 
I'lueose.  We  attribute  this  increase  to  the  enhanced  production  of  .Vl'P  from 
ulycolysis,  driven  by  eneruy  requirements  for  cell  maintenance  of  protein  synthesis 
and  activ  e  transport.  In  addition,  even  thouuh  cells  are  held  in  nonurow  th  medium, 
there  are  chanttes  in  the  number  of  cells  in  different  phases  of  the  cell  cycle.  Hence, 
some  of  this  increase  in  .VI'I’  in  the  absence  of  radiation  could  be  attributed  to  cell 
cycle  variations  since  it  has  been  shown  that  .ATP  doubles  through  the  cell  cycle 
(Skou  el  <il.  I9K2),  In  the  presence  of  ionizinu  railiation  there  is  an  additional 
requirement  of  .A  TP  for  cellular  repair  (Jain  et  al.  1982).  I'he  ilecrease  in  .ATP 
lev  els  at  lonn  holdmi;  times  for  the  hiuher  radiation  doses  suKKest  that  .ATP  is  beinK 
used  as  rapidiv  as  it  is  producevi  for  the  repair  of  DN.A  damaue.  Purthermore, 
railiaiion  and  liv|uid  holdinu  delay  cell  prouression,  so  that  .ATP  v  ariations  through 
the  cell  cycle  may  not  be  seen.  Our  results  for  .ATP.  reported  in  Hj;ure  8,  are  similar 
lo  data  uiv  en  by  .Szeinfeld  and  Hlekkenhorst  ( 1987)  for  transplantable  C'a\T  mouse 
tumor  cells.  These  authors  noted  that  .ATP  levels  initially  increase  with  time 
follow  iim  X-irrailiation  and  then  return  to  control  v  alues  by  1 .1  h  postirradiation.  .At 
hiiiher  iloses,  the  initial  increase  in  .ATP  is  mueh  less  pronounceil;  this  result  is 
vonsistent  with  our  data,  which  showeil  that  after  2IMIIKiv  the  .VI’P  level  actuallv 
decrea.wil  and  then  remained  constant  with  increasinit  holdinu  time.  Skoy  and  co- 
workers  (1986)  also  ohserveil  a  ilecrease  in  .ATP  following  irradiation  of  Khrlich 
•iscites  tumor  cells,  but  in  this  case  the  decrease  is  related  to  a  lack  of  substrate  for 
ylycolvsis  rather  than  increased  .ATP  consumption.  Furthermore,  these  authors 
showed  that  a  reduction  in  .ATP  levels  had  no  effect  on  radiation-induced  chanues 
in  celi  l  ycle  prot;ression  (Skoi;  el  al.  198,1). 
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in  addition,  polyl’  may  also  be  usi-d  as  an  cntTny  souric  if  the  A'l’I*  con- 
cfntration  is  low.  I’olyphosphati-  can  be  used  ph<isphorylate  .ADI*  to  form  A'l'l’ 
\  la  a  reversible  reaction  eataly/ed  by  polyphosphate  kinase  (Kulaev  When  no 

i;hieose  was  present  as  an  energy  source.  I’,  increased  as  polyl’  decreased  (fitture  4), 
sui'i'cstini'  that  polyphosphates  were  beinn  used  as  a  supplemental  enerity  source  in 
addition  to  a  source  of  phosphates.  In  the  presence  of  an  external  source  of  enernv 
(i.e.  t;lucose),  the  cell  was  able  to  synthesize  and  use  .A'l'l’;  hence  polyl’  was  useil 
[irimarily  as  a  phosphate  source.  Since  .A'l’l’  was  depleted  in  the  presence  of 
2-(.leoxyylucose  there  is  a  possibility  that  polyl*  may  he  used  to  provide  some 
energy.  However,  the  cell  may  not  Ih-  able  to  obtain  sufficient  energy  solely  from 
poK  phosphate  degradation  to  allow  for  repair.  It  appears  that  yeasts  are 
able  to  hydrolyze  polyl’  in  the  presence  of  2-deoxyKlucose  but  are  unable  tt)  utilize 
either  the  free  phosphates  for  phosphorylation  or  the  energy  release  for  dama^'e 
repair. 

In  conclusion,  we  note  that  there  are  limitations  to  cellular  \.\IR  spectroscope 
that  should  be  consiilered  m  the  discussion  .if  measured  phosphate  levels.  NMK 
spectroscopy  is  unable  to  determine  absolute  concentrations  of  a  particular  phos¬ 
phate  because  there  coulil  be  chantjes  in  the  balance  between  immobile  and  mobile 
populations  of  phosphates.  If  phosphates  become  bound  followint;  radiation,  this 
would  also  ni\  e  the  appearance  of  a  decrease  in  phosphate  levels.  I  lowever,  because 
inorganic  phosphate  increases  with  the  decrease  in  polyphosphates,  it  appears  that 
piilyl*  are  hein(;  hydrolyzed  rather  than  bectiminK  hound.  Furthermore,  the 
technii|ue  does  not  distitiHuish  possible  differences  between  irradiated  cells  com¬ 
mitted  to  full  recovery  (viable  ceils)  and  those  destined  for  reproductive  cell  death. 
Thus  it  remains  to  he  determined  if  recovery  of  polvphosphates  occurs  in  viable 
cells. 
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Alterations  in  Bidirectional 
Transmembrane  Calcium  Flux  Occur 
Without  Changes  in  Protein  Kinase  C 
Levels  in  Rat  Aorta  During  Sepsis 

R.Z.  Litten,  J.A.  Carcilio,  and  B.L  Roth 

Physiology  Department,  Armed  Forces  Radiobdlogy  Research  Institute  (R.Z.L),  and 
Surgical  Research  Division,  Naval  Medical  Research  Institute  (J.A.C.,  B.L.R.),  Bethesda, 
Maryland:  Department  of  Anesthesiology,  Critical  Care  Medicine,  Child  Health  and 
Development,  Children's  Hospital  Medical  Center,  George  Washington  University  School  of 
Medicine  and  Health  Sciences,  Washington,  D.C.  {J.A.C.} 

A  depression  in  aonie  eoniraelilily  has  been  previously  denkinslraled  in  rat  inlraperiloneal 
sepsis  and  dunn^:  cndoloxcrnia.  In  this  slutly.  wc  determined  svhelher  the  mohili/alion 
o(  exiraeel'ular  ealciuin  (u.inj:  ‘'C  a)  and  the  release  of  iniraeellular  ealeiuni  arc  altered 
in  septic  rat  aorta  when  compared  to  shaio  operated  controls.  The  concentration  of  protein 
kinase  C  was  also  determined  by  using  |  'll!  phortml  I2.l.1-dibutyrate  iPOBu).  We  found 
that  calcium  intli  c  was  unaltered  under  hasal  conditions  hut  that  the  ability  of  norepi- 
nephnne  (Nh)  to  augnKint  inltux  was  sigrdicantly  depressc'di/'  •  (15;  Icontrol  vs.  septic. 

572  t  .M  |Sti)  vs  42S  -t  .ft)  gimol  C'a'  kg  dry  wt  aortal).  Calcium  inllux  stimulated 
by  high  K  was  unchanged  in  aonae  between  control  and  sepdc  animals.  In  the  presence 
of  Nli,  calcium  ettUiv  (an  indirect  ineasua-nH-nt  of  intracellular  calcium  release)  was 
signiticantly  diminished  (P  •  .001 )  in  aorlae  t  om  septic  rats.  The  concentration  of  aortic 
protein  kinase  C  as  assessed  by  PDBu  binding  sites  was  unaltered  in  septic  rats  when 
coinpaad  with  controls.  In  conclusion,  we  found  that  during  sepsis  alphui-adrenergic 
receptor  activation  of  both  calcium  inlUi ,  and  ef(Iu\  by  Nli  is  decreased;  these  alteiations 
could  be  related  'o  the  depressed  aortic  ’.  •'ntractility  ohre.ved  in  sepsis. 

Keywords;  talvium inllux, calcium efTIus, norepinephrine 
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INTRODUCTION 

Human  sepsis  and  septic  shtx'k  are  frequent  causes  of  death  in  clinical  medicine. 
-Septic  shrx'k  is  characterised  by  peripheral  va.stxlilation  with  a  decreased  systemic  vascular 
resistance  and  hy(Xitension  11-3].  In  an  attempt  to  increase  the  vascular  resistance  and 
elevate  bkxxl  pressure,  clinicians  usually  administer  catecholamines  and  catecholamine 
denvatives.  However,  a  diminished  peripheral  vascular  responsiveness  to  catecholamines 
is  comrtxrnly  observed  (4] .  thus  making  this  approach  frequently  ineffective. 

Alterations  in  vascular  contractility  may  either  involve  extrinsic  factors  (prostaglan¬ 
dins.  opioid  peptides,  etc. )  or  may  be  intrinsic  to  vascular  smooth  muscle.  During  endotox- 
cmia  and  sepsis,  previous  investigators  have  demonstrated  a  diminished  ability  of  NE  to 
induce  contraction  in  rat  aorta  [see  ref.  3  for  review).  We  previously  demonstrated  a  de¬ 
crease  in  the  number  of  aortic  alpha, -adrenoceptors  and  a  deprcs.scd  aortic  phosphoinositide 
(PI)  metabolism  in  this  rat  model  of  chronic  sepsis  15).  Since  we  have  shown  that  activation 
of  the  alphai-adrenoceptors  with  NE  results  in  a  stimulation  of  PI  metabolism  [6, 7).  it 
appears  that  signal  tran.sduction  involving  alpha, -adrenoceptors  is  altered  in  aortae  from 
septic  rats. 

In  this  study  we  determined  whether  calcium  mobilization  was  altered  in  aortae  from 
septic  rats  during  the  stimulation  of  alpha, -adrenergic  receptors  by  NE.  Calcium  influx 
through  calcium  channels  and  calcium  efflux,  an  indication  of  intracellular  calcium  relea.se 
by  the  sarcoplasmic  reticulum  [8],  were  measured  in  the  rat  aortae.  Both  processes  in  rat 
aorta  are  stimulated  by  the  activation  of  alpha, -adrenoceptors  (9j.  In  addition,  we  measured 
the  levels  of  protein  kinase  C  as  determined  by  PDBu  binding  sites  in  aortae  from  septic 
rats.  Activated  protein  kinase  C  has  been  shown  to  phosphorylate  smooth  muscle  myosin 
light  chain  [10, 1 1|  as  well  as  alter  calcium  influx  in  vascular  smooth  muscle  [12,13]  and 
induce  rat  aortic  contraction  [  14|.  We  have  also  shown  that  activation  of  protein  kinase  C 
inhibits  PI  hydrolysis  [7],  which  could  explain,  in  part,  the  diminished  PI  turnover  observed 
in  the  rat  aorta  during  sepsis  [5|. 

MATERIALS  AND  METHODS 
Chronic  Rat  Sepsis  Model 

Male  Sprague  Dawley  rats  (250- 3(X)  g)  were  obtained  from  Taconic  Farms.  Ger¬ 
mantown,  NY.  Contnd  and  experimental  animals  were  randomly  subjected  to  sham  sur¬ 
gery  IT  cecal  ligation  with  twivhole  puncture,  respectively,  as  previously  described  [15.16). 
Twenty-four  hours  after  surgery  the  surviving  animals  were  killed  by  decapitation,  in  our 
laboratory  the  iroxlcl  has  a  20- .30^  mortality  rate.  Surviving  animals  displayed  signs  of 
sepsis  originally  described  by  Wichterman  ct  al.  115)  including  piloerection.  a  blotxly 
discharge  from  the  nose  and  mucous  membrane,  bitxxly  diarrhea,  and  lethargy. 

"Ca  Influx 

Calcium  influx  was  measured  as  described  by  Meisheri  and  van  Breemen  [17)  with 
minor  modifications  [13).  Briefly.  4-mm  thoracic  aortic  rings  were  incubated  at  37°C  for 
45  min  in  oxygenated  physiological  saline  (PSS)  of  the  following  composition  (in  mM): 
NaCI  ( 140).  MgCI:  ( 1 ).  CaCN  (1.5).  KCI  (4.6),  glucose  (10).  HEPES  buffer  (5).  pH  7.4 
(buffer  A).  The  rings  were  transferred  to  PSS  (37°C)  containing  ^'Ca  (2  (xCi/ml)  and  var¬ 
ious  experimental  protocols  as  described  in  figure  legends.  The  rings  were  then  washed  in 
ice-cold  PSS  for  30  min  and  placed  in  a  hypotonic  5.0  mM  EDTA  solution  overnight  at 
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nxim  temperature.  The  aortic  rings  were  removed,  dried  overnight  at  90°C.  and  weighed. 
The  radioactivity  in  the  hypotonic  solution  was  then  detected  by  liquid  scintillation  counting. 

**Ca  Efflux 

Calcium  elHux  was  mea.sured  in  rat  aorta  by  using  the  pnKcdure  of  Chiu  et  al.  |9I 
with  minor  modifications.  BneHy.  4-mm  aortic  rings  were  incubated  al  37°C  for  30  min  in 
oxygenated  low-calcium  buffer  A  (0.2  mM  instead  of  1 .5  mM  CaCK).  The  rings  were  then 
loaded  with  ^'Ca  for  90  min  by  using  low-calcium  buffer  A  containing  4  p.Ci/ml  of  ^'Ca. 
The  rings  were  placed  in  ice-cold  low  calcium  buffer  A  for 40  min  with  a  change  in  solution 
at  10  min.  The  rings  were  then  transferred  to  buffer  A  ( 1 .5  mM  CaCKfat  37°C  fora  series 
of  washout  procedures  wherein  the  buffer  A  solutions  were  changed  at  5-.  1 5-,  20-,  and  25- 
min  intervals.  A  final  concentration  of  10  jiM  NE  was  added  to  the  experimental  solution 
at  the  start  of  the  20-min  washout  period,  where  an  increase  in  ‘‘^Ca  release  was  observed 
(see  Fig.  I ).  The  radioactivity  was  measured  in  the  washout  solution,  and  the  aorta  was 
placed  in  hypotonic  5.0  mM  EDTA  solution  overnight  at  room  temperature.  The  aortic 
nngs  were  removed,  dried  overnight  at  90°C,  and  weighed.  The  radioactivity  in  the  hypo¬ 
tonic  solution  was  then  counted.  The  calcium  efflux  was  expressed  as  cpm  ^^Ca  released 
into  the  washout  solution  per  mg  dry  weight  of  aorta  (see  Fig.  1 ). 


fij;  I  .-\  lypital  calciuni  etttux  experiment  Irom  rat  aortic  nngs  expressed  as  cpm  ‘T’a  released  per  mg 
dry  vxeighi  ol  aorlavs  time.  At  21)  mm  10  (i.M  ol  NH  was  added  loonc  ol  the  aortic  rings  (A),  resulting  in 
an  increase  in  calcium  release  ®  represents  calcium  elllux  without  any  norepinephrine. 
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[^H]-Phortx>l-1 2,1 3-Dibutyrate  Binding 

PDBu  bindinu  was  measured  as  described  by  Sando  and  Young  (18).  In  brief,  five 
atirtae  were  homogenized  in  5  ml  of  homogenization  buffer  (20  mM  Tris-Cl,  0.1  mM 
phenylmethylsulfonylfiuoridc,  O.!*^  beta-mereaptix:thanol.  1  mM  EGTA.  pH  7.40);  100 
(jlI  of  homogenate  was  incubated  with  0.5  ml  of  binding  buffer  (20  mM  Tris-Cl,  2  mM 
CaCl:,  10  mM  MgCI;.  pH  =  6.40.  0. 1  mg/ml  phosphatidylserine)  for  90  min  at  22°C. 
PDBu  binding  sites  were  harvested  on  Whatman  GF/B  fillers  with  a  Brandcl  Cell  Harvester 
followed  by  three  5-ml  washes  with  ice-cold  20  mM  Tris-Cl  (pH  7.40). 

Statistical  Analysis  of  the  Data 

All  data  reported  here  represent  the  mean  ±  standard  error  (SEM).  The  Student’s 
t-test  was  used  for  unpaired  samples.  The  Bonferroni  inequality  was  used  for  simultaneous 
multiple  comparisons  1 19|. 

RESULTS 
Ca^  Influx 

Calcium  influ.s  through  calcium  channels  was  measured  in  aortic  rings  from  control 
and  septic  rats.  We  previously  showed  this  to  involve  a  nitrendipine-sensitive  proce.ss  1 13). 
Under  basal  conditions  there  was  no  difference  in  calcium  influx.  The  aortic  rings  were 
next  stimulated  by  10  (xM  NE.  a  concentration  which  produced  maximal  aortic  isometric 
contraction  |20|  and  which  in  preliminary  experiments  re.sulted  in  maximal  influx  (not 
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Kij!.  2.  Calcium  influx  in  confrol  <C)  and  scpiic  fS)  atirtic  rings.  Calcium  influx  was  measured  ai  5-min 
incubation  time  under  basal  conditions,  as  well  as  stimulators'  conditions  using  10  ^.M  NK  and  KO  niM  K  ’  . 
Values  are  mean  *  SIIM  for  IS-.U  rings.  *P  .O.S  vs.  contnd  f  NH  values.  A  depression  in  the  NH 
activation  of  calcium  influx  over  the  basal  levels  was  also  observed  in  aortae  from  septic  rats  at  incubation 
limes  of  10  and  15  min.  No  difference  was  observed  in  the  high  K  * -stimulated  calcium  influx  between 
control  and  septic  rats  at  lO-niin  incubation  lime. 
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shown).  We  found  tliat  the  NE-stimulated  calcium  influx  was  significantly  depressed  {P  < 
.05)  when  compared  to  control  values  (Fig.  2).  Comparison  of  NE  stimulation  of  calcium 
influx  with  the  basal  levels  of  calcium  influx  showed  an  88'if  increa.se  in  controls  and  only 
a  1 increa.se  in  aortae  from  septic  rats.  When  calcium  influx  was  stimulated  by  high  K  ’ . 
there  was  no  significant  difference  between  control  and  .septic  animals. 

Ca^  Efflux 

Calcium  efflux  was  next  determined  to  investigate  changes  in  intracellular  calcium 
release.  We  found  that  under  basal  conditions  there  was  a  small  but  significant  (P  <  .05) 
decrease  in  calcium  efflux  in  aortic  rings  from  septic  animals  when  compared  to  controls 
(Fig.  3).  During  activation  with  NE.  the  calcium  efflux  was  significantly  reduced  by  33‘Jf 
iP  <  .001  vs.  controls)  in  aortae  from  septic  rats. 

Protein  Kinase  C  in  Aortae  Front  Septic  Rats 

As  is  seen  in  Table  1,  there  was  no  difference  in  total  pmtein  kina.se  C  (as  measured 
by  PDBu  binding)  in  aortae  from  septic  and  control  rats. 


Kig.  .V  Calcium  efflux  in  control  (C)  and  septic  (S)  aortic  rings.  Calcium  efflux  was  measured  in  the 
presence  and  atisence  ( hasal )  of  10  pM  NE.  Values  are  mean  ±  SEM  for  14- 16  rings.  *P  <  .0.S  vs.  control 
values;  •*/’<  .IK)I  vs.  control  +  NEvalucs. 
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TABLE  1.  r'H|phorbol>l2,l3-Dibutyra(e  BindinK  to  Aortk  Homof^nale  From  Control  and 
Stplic  Rats* _ 


T(4al  PDBu  hinJing  site 

(dpmmcl 

Contri)! 

.M.noo  ±  .r..S(X) 

.Sc  pit. 

.<:..s<x)  ±  4.:.so 

■“Valuos  are  mean  *  SEM  lor  three  dilTcrenl  experiments.  Data  obtained  arc  described  in  Materials  and 
Methods  There  was  no  sijiniticanl  difference  between  conlnrl  and  septic  preparations. 


DISCUSSION 

The  findings  in  this  study  indicate  significant  alterations  in  alpha, -adrenergic  recep¬ 
tor-mediated  mobilization  of  extracellular  calcium  and  the  release  of  intracellular  calcium 
in  aortae  from  septic  rats.  Calcium  influx  was  depres.sed  by  259c.  while  calcium  efflux  was 
reduced  by  33%  when  compared  with  control  values.  At  the  same  time,  we  found  that  the 
amount  of  pri'tein  kinase  C  as  assessed  by  PDBu  binding  sites  was  unaltered  in  aortae  from 
septic  rats. 

The  decrease  in  calcium  mobilization  across  the  calcium  channels  could  be  related  to 
the  observed  depression  in  aortic  contractility  during  sepsis.  This  effect  could  be  caused 
directly  by  endoxotin  or  by  other  circulatory  factors  such  as  lymphokines  or  endothelium¬ 
releasing  factorts).  We  previously  showed  that  the  activation  of  protein  kinase  C  by  a 
phorbol  ester  increases  the  calcium  influx  in  rat  aorta  [  13]  as  well  as  altering  the  ability  of 
vasoactive  agents  to  activate  PI  hydrolysis  121,22).  Since  levels  of  protein  kinase  C  were 
unchanged  it  is  unlikely  that  changes  in  protein  kinase  C  cau.sed  the  observed  change:  a 
more  likely  explanation  is  the  decrease  in  receptor  levels  in  rat  aorta,  as  we  previously 
discovered  [Sj.  We  also  found  that  PI  metabolism  was  depressed  in  the  rat  aorta  during 
sepsis  |5|,  thus  creating  the  possibility  of  decreased  activation  of  protein  kinase  C  by  dia- 
cylglycerol  (DAG),  one  of  the  released  products  of  PI  metabolism  (23].  Future  studies 
using  specific  antibodies  against  protein  kinase  C  could  verify  this  distinction  between 
activation  of  protein  kinase  C  (i.e. .  by  DAG)  and  the  amount  of  the  enzyme. 

The  decreased  calcium  efflux  seen  in  sepsis  suggests  that  intracellular  calcium  release 
from  the  sarcoplasmic  reticulum  may  be  depressed  in  response  to  NE.  Tliis  depression 
could  be  related  to  a  decrease  in  inositol- 1 .4 .5-trisphosphate  (IP,),  another  product  of  PI 
metabolism  which  has  been  shown  to  cause  calcium  release  from  sarcoplasmic  reticulum 
in  vascular  smcvith  muscle  [24|.  Indeed,  recent  studies  by  Chiu  et  al.  j25|  in  rat  aorta  as 
well  as  our  earlier  studies  (211  indicate  a  good  correlation  between  PI  hydrolysis  and  intra¬ 
cellular  calcium  release.  Furthermore,  we  found  that  levels  of  phosphatidylinositol-4. 
5-biphosphate  (PIP;.),  the  precursor  to  IP,,  were  decreased  in  aortae  from  septic  rats  (5|. 
Alterations  in  calcium  mobilization  from  sarcoplasmic  reticulum  have  also  been  reported 
in  vascular  smtxvth  muscle  during  endotoxic  shrx’k.  Strulsby  et  al.  [26]  showed  that  the 
ATP-dependent  calcium  uptake  and  calcium-stimulated  ATPa.se  activity  were  depressed 
by  endotoxin  in  the  micnisomal-enriched  fraction  from  canine  aorta.  Since  the  sarco¬ 
plasmic  reticulum  may  be  the  major  system  controlling  free  cytoplasmic  calcium  in  bloxxl 
vessels  (8, 27],  changes  in  the  release  and  uptake  of  calcium  from  the  sarcopla.smic  reticu¬ 
lum  could  be  a  major  factor  in  explaining  the  depressed  contractility  in  septic  aorta. 

Overall,  we  have  demonstrated  striking  alterations  in  aortic  alpha, -adrenergic  recep¬ 
tor-mediated  signal  transduction  daring  sepsis.  We  previously  showed  a  decrease  in  alpha,- 
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adrenergic  receptors  and  in  the  alphai-adrencrgic  receptor-mediated  PI  hydrolysis  [5). 
Furthermore,  the  decrease  in  calcium  release  from  sarcoplasmic  reticulum,  as  demon¬ 
strated  by  the  decrease  in  calcium  efflux,  could  be  caused  by  a  decrease  in  PlPi  hydrolysis. 
Alpha  I -adrenergic  receptor  stimulation  of  calcium  influx  across  the  calcium  channels  in  the 
plasmalcmma  was  also  depres.sed  in  sepsis.  In  addition,  we  have  also  shown  an  alteration 
of  protein  phosphorylation  in  aortae  fmm  septic  rats  |28]  which  may  reflect  changes  in  the 
activation,  but  not  the  amount,  of  protein  kinase  C.  Thus  these  findings  suggest  that  a 
portion  of  the  diminished  responsivity  seen  in  rat  aorta  during  sepsis  could  be  related  to 
perturbations  in  this  receptor-mediated  cascade. 

Finally,  it  is  important  to  realize  that,  similar  to  these  findings  in  aorta,  Spitzer's 
group  found  alterations  in  adrenergic  and  vasopressin  receptor-mediated  mobilization  of 
intracellular  calcium  in  hepatocytes  [29|.  Alst>.  analogous  changes  in  alpha  [-adrenergic 
receptors  were  also  observed  in  hepahKytes  from  endotoxemic  rats  130|  as  well  as  nearly 
the  same  alterations  in  PI  metabolism  |3i  |. 


CONCLUSIONS 

During  experimental  sepsis  we  found  a  depressed  mobilization  of  extracellular  cal¬ 
cium  through  calcium  channels  and  depressed  calcium  efflux,  indicating  a  diminished  cal¬ 
cium  release  from  the  sarcoplasmic  reticulum.  The  concentration  of  protein  kinast'  C  was 
not  altered.  These  findings  along  with  our  previous  results  suggest  an  alteration  in  aortic 
alphai-adrencrgic  receptor-mediated  signal  transduction  in  sepsis. 
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.Abstract— Monte  Carlo  simulation  of  energy  absorption  in  oriented  fibers  of  DNA  is  used  to  model  the 
dependence  of  free  radical  yields  on  the  onentation  of  the  libers  relative  to  a  flux  of  ionizing  radiation. 

We  assume  a  large  asymmetry  in  the  thermal  conductivity  of  the  fibers  that  permits  rapid  transport  of 
vibrational  energy  along  a  DNA  molecule,  but  not  between  diflerent  molecules.  Based  on  this  assumption, 
our  model  predicts  that  thymine  radical  anions  have  a  significantly  greater  probability  of  undergoing  a 
secondary  protonation  reaction  if  they  are  produced  by  a  flux  of  high.energy  protons  that  is  incident 
parallel  to  the  helical  axis  of  DNA  than  if  they  are  generated  by  a  flux  that  is  incident  perpendicular  to 
the  DNA  molecules.  These  results  are  in  qualitative  agreement  with  experimental  data  on  the  yield  of 
5.6-dihydrothymin.5.yl  radica*s  when  samples  of  oriented  DNA  were  exposed  at  77  K  to  neutrons. 

iNTRODicriON  mine  anion  (T  )  and  guanine  cation  were  the  prin¬ 

cipal  radical  species  present  at  77  K.  However,  when 
Understanding  the  mechanisms  by  which  high-energy  the  neutron  flux  was  approximately  parallel  to  the 
charged  particles  produce  reactive  chemical  species  in  orientation  of  DNA  molecules,  the  total  yield  of 
biologically  significant  materials  is  important  for  radicals  was  reduced  and  a  new  ESR  signal  character- 
assessing  the  health  effects  of  low-level  exposure  to  istic  of  the  5.6-dihydrothymin-5-yl  (TH')  radical 
ionizing  radiation.  This  is  particularly  true  for  radi-  predominated. 

ation  with  high  linear-energy-transfer  (LET)  where  The  most  obvious  difference  in  the  patterns  of 
correlations  between  track  structure  and  target  struc-  energy  absorption  in  the  two  irradiation  geometries 
ture  can  have  a  profound  effect  on  the  nature  and  is  that  charged  particles  that  traverse  the  sample 
distribution  of  damage.  The  role  of  nonhomogeneous  nearly  parallel  to  the  helical  axis  of  DNA  have  a 

processes  in  radiation  chemistry  was  recently  re-  greater  probability  of  multiple  energy  transfer  to  the 

viewed  by  Magee  and  Chatterjee."’  Our  research  in  same  molecule  than  do  particles  incident  on  the 

this  area'-''  has  focused  on  the  use  of  detailed  Monte  sample  perpendicular  to  the  fiber  orientation.  This 

Carlo  simulation  of  the  spatial  distribution  of  energy  difference  in  the  spatial  distribution  of  energy  absorp- 
absorbed  from  charged  particles'”  as  a  basis  for  fion  should  have  no  effect  on  the  production  of  free 
understanding  the  subsequent  evolution  of  chem-  radicals  if  energy  and/or  charge  move  between  DNA 
ically  active  species.  In  this  paper  we  report  the  use  molecules  in  a  fiber  as  freely  as  they  are  transported 
of  this  approach  to  investigate  production  of  free  along  a  single  DNA  chain.  Hence  the  unusual  orien- 
radicals  in  oriented  DNA  exposed  to  a  flux  of  tation  dependence  of  radical  yields  in  this  system  may 
high-energy  protons.  have  important  implications  for  intramolecular 

Samples  of  oriented  DNA  fibers  prepared  by  the  energy  and  charge  transfer  in  DNA. 
wet  spinning  technique  have  proven  to  be  a  valuable  Arroyo  et  a/.'”  speculated  that  the  reduction  of 
experimental  tool  for  investigating  the  production  of  radical  yields  in  the  parallel  irradiation  geometry  was 
free  radicals  in  DNA  by  both  u.v.  light  and  ionizing  due  to  enhanced  recombination  of  precursor  ion 
radiation."*  ’’  The  recognition  that  spatially  cor-  pairs.  This  explanation  seems  plausible  in  light  of 
related  electron  gam  and  loss  centers  may  be  precur-  recent  measurements  of  conductivity  by  van  Lith  et 
sors  of  DNA  double  strand  breaks"*'  has  led  to  a/.'"”  which  suggest  that  the  high  mobility  of  electrons 
renewed  interest  in  this  experimental  system  for  in-  in  the  ice-like  water  layer  around  a  biopolymer  could 
vestigating  radiation-induced  DNA  damage.  Re-  enhance  intramolecular  charge  transfer.  Arroyo  er  a/, 
ccnily.  Arroyo  et  o/.''*'  used  this  type  of  sample  in  attributed  the  appearance  of  TH'  radicals  in  the 
conjunction  with  electron  spin  resonance  (ESR)  to  parallel  irradiation  geometry  to  intramolecular  trans- 
investigate  the  production  of  radicals  at  77  K  by  fer  of  triplet  excitation  produced  in  charge  re- 
exposure  to  neutrons.  When  samples  were  irradiated  combination.  The  long  lifetime  of  triplet  excitons  at 
by  a  flux  of  neutrons  incident  perpendicular  to  the  77  K'"'  certainly  favors  this  mechanism.  However, 
helical  axis  of  DNA.  ESR  spectra  showed  that  thy-  due  to  the  variation  in  triplet  transfer  rates,"”  triplet 
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excitons  tend  to  be  restricted  to  the  neighborhood  of 
thymine  that  is  bounded  by  the  nearest  guanine  or 
cytosine  on  each  side.  Hence,  in  DNAs  with  roughly 
equal  O-C  and  A-T  content,  the  range  of  triplet 
migration  is  not  expected  to  be  large.  Ion  quenching 
exptenments"''  suggest  a  range  of  5-30  base  pairs.  The 
short  lifetime  of  singlet  excitons'''"  is  probably  the 
major  factor  that  limits  the  range  of  their  migration. 

In  this  paper  we  present  a  model  for  the  orientation 
dependence  of  TH"  yields  that  is  based  on  an  assumed 
asymmetry  in  the  transport  of  vibrational  excitation 
in  the  oriented  DNA  samples.  Asymmetry  of  phonon 
scattering  rates  in  oriented  DNA  have  been  observed 
using  Raman  spectroscopy;"'  ''"  however,  these  low- 
frequency  modes  should  not  be  very  effective  in 
activating  proton  transfer  to  T‘  if  the  activation 
energy  is  0.2  0.7  eV  as  suggested  by  the  work  of 
Graslund  ci  al.'''  Regardless  of  the  mechanism,  our 
model  is  macroscopic  in  that  asymmetric  energy 
transfer  is  approximated  by  the  solution  of  thermal 
diffusion  equations  with  a  coefficient  of  diffusion 
along  DNA  that  is  1000  times  greater  than  the 
coefficient  for  diffusion  perpendicular  to  the  helical 
axis.  This  model  is  developed  in  the  next  section  of 
the  paper  and  our  numerical  results  for  the  prod¬ 
uction  of  TH‘  radicals  by  proton  irradiation  at  0.3 
and  1.0  MeV  arc  discussed  in  the  third  section. 
Conclusions  and  the  potential  for  improved  theory 
and  experiment  are  discussed  in  the  final  section. 

THEORY 

As  suggested  by  Graslund  ei  al..'''  we  assume  that 
the  major  source  of  TH'  radicals  is  the  reaction 

r  -i-XH'  -TH'-i-X.  (1) 

where  the  proton  donor.  XH  ' ,  is  probably  water  of 
hydration  In  an  excess  of  proton  donor,  this  reaction 
will  be  pseudo  first-order  and  the  yield  of  radiation- 
induced  TH'  radicals  per  DNA  molecule  is  given  by 
the  equation 


affinity,  is  beyond  the  scope  of  this  paper.  Rather  we 
simply  assume  that  the  probability  to  form  T-  in  the 
<th  energy  deposition  event  is  proportional  to  the 
amount  of  energy  <,  absorbed  locally  in  that  event. 
Hence,  the  initial  concentration  of  T  is  approxi¬ 
mated  by  the  equation 

where  gj-  is  the  average  yield  of  T  per  unit  of 
absorbed  energy  and  <>(,v)  is  the  Dirac  delta  function. 
Using  this  approximation  in  equation  (3)  we  can 
perform  the  space  integration  and  obtain  the  result. 
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for  the  yield  of  TH'  relative  to  the  yield  of  its 
precursor  T  .  This  result  is  just  a  weighted  average 
of  the  probability  to  convert  T  to  TH'  over  all  the 
positions  of  energy  deposition  in  a  DNA  molecule 
from  charged  particles  traversing  the  sample  at  a 
specified  angle  relative  to  the  molecular  orientation. 
The  weighting  factors  express  the  relative  probability 
that  T‘  will  be  produced  by  a  given  energy  absorp¬ 
tion  event . 

The  rate  of  proton  transfer  used  in  equation  (3)  to 
calculate  /*,„■  depends  upon  the  transient  local  tem¬ 
perature  T(.\.t)  through  the  relation 

k{.x.i)  =  A  exp\-Q  T{.\.l)\.  (6) 

where  A  is  a  constant  of  the  order  of  vibration  rates 
(10'' sec)  and  Q  is  the  activation  energy,  If  we 
completely  neglect  intermolecular  transfer  of  vi¬ 
brational  energy  and  make  the  additional  assumption 
that  the  heat  capacity  and  thermal  conductivity  are 
independent  of  temperature,  then  Tl.x.i)  can  be 
obtained  by  solution  of  the  one-dimensional  thermal 
diffusion  equation  for  a  cluster  of  point  sources.'"  '" 
This  result  can  be  written  in  the  form 
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nh-  (.V,  0)/’,,,  (.V), 


(2) 


(7) 


where 


^rH(v)  = 


ki.x.  f  )expi 


[-1 


k{.x.  f')d/' 


dr  (3) 


is  the  probability  that  a  thymine  anion  formed  at 
position  V  on  an  oriented  DNA  molecule,  which  we 
approximate  as  a  long  cylinder  of  rad'us  /)  =  lOA, 
will  be  converted  to  TH  by  protona.  on.  The  initial 
concentration  of  T'  .  the  rate  of  protoiiaiion.  and  the 
duration  of  the  radiation-induced  excess  temperature 
are  denoted  by  G,  (  v.  0).  A  (.v. /).  and  i^,. 
respectively . 

Modeling  the  pn  .  I'-tion  of  T'  ,  which  probably 
involves  the  decay  oi  ighly  excited  states  through 
autoioni/ation  channels  followed  by  capture  of  low- 
energy  secondary  electrons  in  traps  with  high  electron 


where  T,  is  the  ambient  sample  temperature. 


Tjl.v.  r)  =  r,„(  1  -1-  r  T.. )  '  -exp| 
with 


-(.T  -  .t,)-  ' 
2A‘(  1  -t-  r  r.. ) 


(X) 


T.. 


(9) 


being  the  parallel  diffusion  relaxation  time  and 

=  -  (10) 

^  In'h-ApC 

being  the  initial  excess  temperature  at  .Vi  due  to 
absorption  of  energy  .  The  sample  density,  specific 
heat  and  coefficient  of  thermal  diffusion  parallel  to 
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the  DNA  fibers  are  denoted  by  p.  C  and  D... 
respectively.  Ultimately  C  and  £)..  must  be  consid¬ 
ered  as  adjustable  parameters  since  we  are  using 
macroscopic  material  parameters  to  describe  a  micro¬ 
scopic  process.  In  addition,  the  effective  specific  heat 
C  contains  a  factor  for  the  conversion  of  energy  from 
electronic  to  vibrational  excitation.  As  a  starting 
point  for  numerical  calculations,  we  use  the  specific 
heat  and  thermal  diffusion  coefficient  of  water 
[4  X  10' erg  (g»deg)  and  10  ‘em's,  respectively]. 
The  delocalization  of  vibrational  e.xcitation  by  sub- 
picosecc  id  processes  is  included  in  our  model 
through  the  parameter  A.  which  is  the  initial  width  of 
the  flaussian  distribution  that  approximates  the  ex¬ 
cess  temperature  induced  by  individual  energy  depo¬ 
sition  events  We  expect  A  to  be  of  the  order  of  the 
base  stacking  distance  which  is  .3.4  A  in  the  B 
conformation. 

The  formulation  of  the  model  thus  far  completely 
neglects  transport  of  vibrational  energy  perpendic¬ 
ular  to  the  helical  axis  of  the  DNA  molecule. This  is 
generally  adequate  for  small  isolated  clusters  of  ex- 
cilalion  where  the  radiation-induced  excess  tem- 
,x’ratures  decays  on  a  nanosecond  or  smaller  lime 
scale  However,  when  many  interactions  occur  over 
an  appreciable  length  of  DNA  the  time  dependence 
of  the  excess  temperature  may  be  affected  by  thermal- 
diffusion  perpendicular  to  the  fiber  direction.  Since 
we  arc  assuming  that  D-.»D  .  it  is  reasonable  to 
approximate  this  leakage  by  considering  the  loss  of 
thermal  energy  from  a  long  cylinder  of  uniform  initial 
temperature.  Including  only  the  first  term  in  the  series 
expansion  that  is  the  solution  of  this  well-known 
heat  flow  problem,  we  obtain  an  approximation 
for  the  transient  local  temperature  that  is  given  by 

flv. /)=  r. -f-exp|^-  T^(.x.i),  (II) 

where 


is  the  perpendicular  thermal  diffusion  relaxation 
lime  If  the  asymmetry  in  thermal  diffusion  is  large 
iwe  assume  D  D--  =  10  ')  and  if  the  initial  width 
parameter  does  not  greatly  exceed  the  radius  of  the 
molecule,  then  r  »r..  and  the  leakage  factor  in 
equation  (III.  exp(-r  r  ],  serves  only  to  limit  the 
duration  of  the  excess  temperature  when  many  ex¬ 
citations  occur  in  the  same  molecule.  Hence  it  mainly 
effects  the  yields  calculated  in  the  parallel  irradiation 
geometry. 

RF.Sl  I.TS 

Application  of  the  formalism  presented  in  the 
previous  section  requires  information  about  the  spa¬ 
tial  patterns  of  energy  absorption  in  a  DNA  molecule 
of  specified  orientation  relative  to  the  flux  of  ionizing 
radiation.  In  our  model  this  information  consists  of 


the  positions  of  energy  deposition  events  and  the 
amount  of  energy  r,  deposited  locally  in  each  event. 
Energy  transported  away  from  .t*  by  high-energy 
secondary  electrons  is  not  included  in  since  the 
detailed  structure  of  these  secondary  tracks  is  in¬ 
cluded  in  our  Monte  Carlo  simulation  of  the  slowing 
down  of  the  primary  ion.  To  approximate  the  spatial 
distribution  of  energy  deposited  in  a  DNA  molecule, 
we  superimpose  a  long  right-circu;ar<ylinder  of 
radius  />  =  10  A  on  a  computer-simulated  segment  of 
the  track  of  a  high  energy  proton  slowing  down  in 
water.  The  computer  simulation  is  carried  out  by  a 
Monte  Carlo  code  developed  by  Wilson  and 
Paretzke.'*'  The  superposition  of  cylinders  and  track 
segments  is  random  in  all  aspects  except  the  angle 
between  the  axis  of  the  cylinder  and  the  velocity  of 
the  proton.  The  collection  of  energy  transfer  points 
in  this  superposition  of  target  and  track  we  will  refer 
to  as  a  "hit". 

Once  an  energy  deposition  event  within  a  hit  has 
been  randomly  selected  to  be  the  site  of  formation  of 
T  .  the  transient  temperature  at  that  position  is 
calculated  for  equation  (II).  Typical  results  for  hits 
that  involve  small  and  large  amounts  of  energy 
deposited  in  DNA  are  shown  in  Fig.  I,  If 
D  £)..^0.(X)l  then  the  leakage  term  in  equation 
(II)  does  not  significantly  effect  the  transient  tem¬ 
perature  at  times  less  than  about  0.1  ns.  However, 
transport  of  thermal  ene  gy  perpendicular  to  the 
DNA  fibers  does  influctice  the  excess  temperature 
associated  with  large  hits  at  longer  times  and  substan¬ 
tially  reduces  the  probability  that  protonation  will 
occur.  Unless  otherwise  noted,  all  of  the  results 
presented  in  this  paper  are  for  £), .  D-  =  0.001 . 

Assuming  an  initial  delocalization  of  vibrational 
excitation  equal  to  3.4  A.  Fig.  2  shows  the  de¬ 
pendence  of  the  yield  of  TH'  per  T  precursor  on  the 
activation  energy  for  the  proton  transfer  reaction.  In 
these  calculations  we  have  averaged  over  the  distribu¬ 
tion  of  hits  that  occur  under  a  given  irradiation 


Fig.  I.  Transient  radiation-induced  temperature  changes 
for  two  typical  hits  with  different  spatial  and  energy  charac¬ 
teristics.  For  times  <0.1  ns  temperature  profiles  are  essen¬ 
tially  the  same  for  the  two  levels  of  asymmetry  in  thermal 
conductivity. 
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Fig.  2.  Yield  of  TH‘  per  T  as  a  funciion  of  Ihe  acuvation 
energy  for  prolon  transfer 

condition.  Typically,  a  sample  containing  on  the 
order  of  10'  hits  was  examined.  To  obtain  results  for 
comparison  with  experiment  we  must  further  average 
the  yield  of  TH'  over  a  distribution  of  activation 
energies  for  the  protonation  reaction.  If  we  use  the 
distribution  proposed  by  Graslund  et  al..’''  we  obtain 
the  results  shown  in  Fig.  .3.  In  this  figure  the  ratio 
JfTH  Xt  is  plotted  as  a  function  of  the  initial  width 
parameter  in  units  of  the  base-pair  separation,  .3,4  A, 

Generally,  protonation  of  T‘  decreases  ex¬ 
ponentially  with  increasing  initial  delocalization  of 
the  vibrational  excitation  of  the  medium  in  an  indi¬ 
vidual  energy  deposition  event.  This  is  expected  from 
equation  (10)  which  shows  that  the  initial  e.xcess 
tempcialure  associated  with  any  energy  deposition 
event  is  inversely  proportional  to  the  initial  width  A. 
This  parameter  also  enters  the  calculation  through 
equation  (8)  where  the  etTect  of  a  larger  A  is  to 
increase  the  duration  of  the  e.xcess  temperature, 
which  favors  protonation.  Apparently  the  former 
effect  predominates.  In  Fig.  3  we  sec  that  protonation 
of  T  in  the  parallel  irradiation  geometry  is  consid¬ 
erably  less  sensitive  to  the  value  of  A  than  it  if.  in  the 
perpendicular  case.  In  the  parallel  case  a  hit  is  made 
up  of  many  more  energy  deposition  events  than  in  the 
perpendicular  case.  This  makes  the  effectiveness  of  a 
hit  for  inducing  protonation  of  T'  less  dependent  on 
the  excess  temperature  associated  with  individual 
energy  deposition  events. 

The  effects  on  the  yield  of  TH'  of  a  ±  10  uncer¬ 
tainty  in  the  orientation  of  the  DNA  fibers  relative  to 
the  proton  flux  is  also  shown  in  Fig.  3  Results  for  the 


Inttial  Width  (base  patrs) 

Fig.  3.  Yields  of  TH' per  T‘  averaged  over  the  distribution 
of  activation  energies  given  in  Ref.  5  as  a  funciion  of  ihe 
initial  width  parameter  of  the  mixlel  expressed  in  units  of 
the  base-pair  separation  of  DNA  in  Ihe  B  conformation 
(3.4  A).  Solid  symbols  show  the  effect  of  a  +10  uncertainly 
in  the  onenlalion  of  DNA  molecules  relative  to  the  proton 
flux 


parallel  orientation  are  more  sensitive  to  this  type  of 
uncertainty  than  are  those  obtained  for  protons 
incident  nearly  perpendicular  to  the  DNA  fibers.  This 
is  a  consequence  of  the  fact  that  the  large  TH'  yields 
in  the  parallel  irradiation  geometry  result  from  the 
relatively  few  hits  where  a  DNA  molecule  is  close  to 
the  axis  of  a  prolon  track  for  an  appreciable  distance. 
This  aspect  of  our  model  is  further  illustrated  by 
Table  I  which  gives  the  average  energy  deposited  in 
a  DNA  molecule  by  a  hit  and  the  root-mean-squarc 
separation  of  T  from  other  energy  deposition  events 
in  a  hit.  The  latter  quantity  is  a  measure  of  the 
distance  over  which  thermal  energy  diffuses  in  the 
process  of  activating  proton  transfer  to  T‘  .  Note  that 
this  energy  transfer  distance  is  essentially  equal  to  the 
diameter  of  the  target  in  the  perpendicular  case  and 
is  insensitive  to  a  +10  uncertainty  in  this  orien¬ 
tation.  However,  this  level  of  uncertainty  in  orien¬ 
tation  of  DNA  relative  to  a  proton  flux  that  is 
parallel  to  the  fibers  causes  a  large  reduction  in  the 
average  energy  transfer  distance  and  a  correspond¬ 
ingly  large  reduction  in  the  proionation  of  T'  . 


Tjbitf  )  (  hjrjctensiics  of  ihc  inieryction  of  onenied  DNA  wiih  I  MeV 
proions 
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The  characteristic  of  our  model  that  is  most  readily 
testable  is  its  dependence  on  the  LET  of  the  radiation. 
This  aspect  of  our  results  is  better  illustrated  by  Fig. 
4  where  the  ratio  of  yields  of  TH‘  per  T-  precursor 
calculated  with  the  same  model  parameters  in  the 
parallel  and  perpendicular  case,  is  plotted  as  a  func¬ 
tion  of  the  initial  width  parameter  in  units  of  the 
base-pair  separation.  This  ratio  is  an  indicator  of  the 
enhancement  of  the  protonation  reaction  in  samples 
exposed  to  a  flux  of  high-LET  radiation  parallel  to 
the  orientation  of  the  DNA  fibers.  In  this  model,  the 
degree  to  which  protonation  of  T'-  is  enhanced  in  the 
parallel  irradiation  geometry  is  strongly  dependent 
upon  the  initial  spatial  delocalization  of  vibrational 
excitation  in  the  DNA.  As  was  discussed  above, 
this  results  from  the  fact  that  protonation  of  T-  in 
the  parallel  case  is  less  dependent  on  high  local 
excess  temperature.  However,  the  increase  in  the 
enhancement  factor  with  increasing  LET  is  essentially 
independent  of  this  initial  width  parameter.  Hence 
experimental  results  at  one  proton  energy  can  be  used 
to  determine  A  for  comparison  between  theory  and 
experimental  at  other  proton  energies.  This  approach 
to  experimentally  testing  the  model  assumes  that  A  is 
independent  of  LET. 

CONCLLSIONS 

Our  model  calculations  show  that  intramolecular 
energy  transfer  following  radiation  exposure  should 
enhance  protonation  of  T‘  and  that  this  is  a  reason¬ 
able  explanation  for  the  orientation  dependence  of 
TH‘  yields  that  is  observed  when  a  flux  of  high-LET 
radiation  is  absorbed  in  samples  of  oriented  DNA  at 
77  K.''*'  The  amount  of  enhancement  predicted  by  the 
model  is  sensitive  to  the  uncertainty  in  orientation 
and  to  the  stopping  power  of  the  incident  radiation. 
Both  of  these  results  point  out  the  need  to  repeat  the 
experiments  of  Arroyo  ei  with  proton  irradiation 


Fig  4  Enhancement  of  prolonation  of  T  formed  by 
irradiation  with  a  proton  flux  that  is  parallel  to  the  orien¬ 
tation  of  DNA  relative  to  the  yield  of  this  secondary 
reaction  in  the  perpendicular  irradiation  geometry.  Solid 
symbols  show  the  effect  of  a  i  10  uncertainty  in  onentation 
of  DNA  molecules  relative  to  the  proton  flux. 


from  an  accelerator  rather  than  a  neutron  source. 
This  will  reduce  the  uncertainty  in  orientation  of  the 
proton  flux  relative  to  the  DNA  fiber  direction  and 
allow  the  enhancement  of  TH*  radicals  in  the  parallel 
irradiation  geometry  to  be  measured  as  a  function  of 
the  LET  of  the  incident  radiation.  Experiments  of 
this  type  are  in  progress.  Improvements  in  the  model 
are  being  focused  in  two  areas:  (1)  a  more  micro¬ 
scopic  description  of  TH'  production  with  parameters 
that  are  more  directly  related  to  molecular  properties 
of  the  system;  and  (2)  a  more  complete  theory  that 
includes  recombination  which  will  allow  us  to  predict 
both  the  enhancement  of  TH'  and  the  reduction  of 
total  radical  yields  in  the  parallel  irradiation  geome¬ 
try.  By  this  combined  experimental  and  theoretical 
effort  we  expect  that  oriented  DNA  will  be  an  even 
more  useful  tool  for  investigating  the  interplay  of 
target  structure  and  track  structure  in  determining 
the  production  of  reactive  species  in  biological  sys¬ 
tems  exposed  to  high-LET  radiation. 
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■Monte  Carlo  simulation  techniques  were  used  to  calculate  the  probability  that 
thymine  radical  anions  ('P'),  formed  by  the  slowing-down  of  high-energy 
protons  in  oriented  DN.\,  will  undergo  a  secondary  protonation  reaction.  By 
assuming  a  large  asymmetry  in  the  thermal  conductivity  of  oriented  DN.\  fibres 
w  e  predict  a  signiricant  enhancement  of  protonation  of  T'  w  hen  the  proton  Hux  is 
incident  on  the  sample  parallel  to  the  orientation  of  the  DN.A.  These  results  are  in 
qualitative  agreement  with  experimental  data  on  the  production  of  TH'  radicals 
when  oriented  HN.-X  is  exposed  to  fast  neutrons. 


Oriented  DN.A  fibres  prepared  by  the  wet  spinning  technique  of  Rupprecht 
(10f)6)  have  been  extensively  used  to  investigate  the  production  of  free  radicals  by 
ultraviolet  (u.  v.)  light  ((iriislund  et  a/.  1971 )  and  gamma  irradiation  (fJriislund  el  al. 
1979,  I9H1,  I  liittermann  c/ «/.  1984).  Recently  .Arroyo  and  co-workers  (1986)  used 
oriented  Na  ON'.A  films  in  conjunction  with  electron  paramagnetic  resonance 
(e.p.r.)  to  measure  the  orientation  dependence  of  radicals  produced  c/  exposure  at 
77K  to  fast  neutrons  from  the  TRKi.A  reactor  at  the  .Armed  Forces  Radio-iology 
Research  Institute.  For  samples  irradiated  by  a  neutron  Hux  perpendicular  to  the 
helical  axis  of  DN.A,  the  e.p.r.  spectra  recorded  at  77K  were  consistent  with  roughly 
equal  amounts  of  thymine  anion  (T"  )  and  guanine  cation,  a  result  in  agreei..ent  with 
the  stiulies  mentioned  above  using  u.v.  and  gamma-irradiated  samples.  However, 
when  the  neutron  Mux  was  parallel  to  the  oriented  DX.A  fibres  the  total  radical  yield 
was  significantly  reduced,  and  a  signal  characteristic  of  5,6-dihydro  thymin-5-yl 
(TH  )  radicals  became  the  predominant  feature  in  the  e.p.r.  spectrum. 

Since  neutrons  are  absorbed  in  hydrogenous  materials  mainly  through  the 
production  of  recoil  protons,  we  are  investigating  these  unusual  findings  through  the 
study  of  free-radical  production  in  oriented  DN.A  by  exposure  Hi  proton  fluxes.  This 
paper  examines  quantitatively  the  hypothesis  that  intramolecular  energy  transfer  is 
responsible  for  the  orientation  dependence  of  radical  yields  reported  by  .Arroyo  et  al. 


Rapid  rauimiinicaliiiii 


<MI2 

( l‘>X6).  Although  the  probability  of  multiple  enerjiy  depositions  in  the  same  DNA 
molecule  is  much  jireater  for  protons  with  velocity  nearly  parallel  to  the  fibre 
orientation,  this  ditfercnce  between  the  patterns  of  enertjy  absorption  in  the  parallel 
and  perpendicular  case  does  not  necessarily  imply  an  orientation  dependence  of  free- 
radical  \ields.  I'or  example,  if  each  ion  pair  induced  in  DN’A  by  the  railiation 
exposure  e\  ol\  ed  independently,  then  the  radiation  chemistry  of  free  radicals  would 
be  decoupled  from  the  overall  patterns  of  ionization  in  the  sample.  Likewise,  if  ion 
pairs  in  different  DN'.A  molecules  interact  as  strontjly  as  ion  pairs  in  the  same 
molecule,  then  th..  impact  of  this  interaction  on  radical  yields  should  be  the  same  for 
parallel  and  perpendicular  irradiation.  This  paper  investigates  the  complex  interplay 
between  the  track  structure  of  densely  ionizinu  radiation  and  the  asymmetry  of 
energy  migration  after  deposition  as  a  possible  explanatit.n  for  the  unusual 
observations  reported  by  .Arroyo  e!  al.  (1986). 

It  is  difficult  to  assess  the  decree  to  which  secondary  protons  in  the  experiments 
of  .Arroyo  i  t  al.  ( 1986)  preserve  the  initial  orientation  of  the  neutron  flux.  It  is  als(< 
difficult  to  predict  absolute  yields  of  free  radicals  in  a  system  as  complex  as  DN’.A 
exposed  to  densely  ionizinu  radiation.  I  fence  we  do  not  attempt  to  make  quantitative 
comparison  betw  een  the  theory  and  experiment  in  this  paper.  The  tjoal  of  this  w  ork  is 
to  calculate  the  probability  that  T“  w  ill  undergo  a  secondary  reaction  to  form  Tf  I  as 
a  function  of  the  enertjy  and  direction  of  the  proton  track  in  which  the  thymine 
radical  anion  is  produced.  We  predict  that  this  secondary  reaction  is  sittnificantly 
enhanced  in  proton  tracks  with  hitjh  stopping  power  that  arc  nearly  parallel  to  the 
I  )\.A.  This  findint:  supports  the  observation  by  .Arroyo  e/  at.  (1986)  that  TH'  is  the 
predominant  radical  species  formed  in  the  parallel  irradiation  geometry.  Similar 
arguments  may  also  explain  the  observed  reduction  in  total  radical  yields;  however, 
to  make  quantitative  predictions  concerning  the  total  radical  yield  requires  more 
lietailed  information  about  the  thermally  induced  decay  of  primary  radical  species 
than  is  currently  available.  'I’his  is  particularly  true  with  regard  to  the  fate  of  radical 
cations  (Hole  et  al.  1987). 

Our  model  assumes  the  following:  (a)  The  major  source  of  TH'  radicals  is 
thermally  activated  protonation  of  T ' ,  with  water  of  hydration  being  the  most  likely 
proton  donor.  This  hi  pothesis  is  consi.stent  with  the  findings  ot  Griislund  el  al. 

( 197.S),  w  ho  iiivestigated  the  formation  of  TH  by  annealing  of  radicals  produced  by 
gamma  irradiation  of  oriented  DN'.A.  (b)  Intramolecular  energy  transfer  is  much 
more  rapid  than  intermolecular  energy  transfer,  even  for  two  DNA  molecules  in  the 
same  oriented  DN'.A  fibr«  In  our  macroscopic  model  this  assumption  is  expressed  as 
a  large  asymmetrv  in  the  coefficient  of  thermal  diffusion,  (c)  Spatial  pattern  of  energi' 
absorption  in  oriented  DN’.A  molecules  can  be  approximated  by  the  overlap  of  a 
cylinder  of  uniform  radius  10  .A  with  the  track  of  a  high-energy  proton  (Wilson 
and  I’aretzke  1981 )  that  is  slowing  down  in  a  homogeneous  materia!  of  unit  density. 
This  approximation,  w  hich  is  based  on  inelastic  .scattering  of  protons  and  secondary 
electrons  by  w  ater  molecules,  is  assumed  to  be  adequate  for  calculating  the  transient 
excess  temperature  that  activates  the  protonation  of 'I'". 

The  production  of  T"  probably  results  from  autoionization  of  highly  excited 
plasmon-like’states  followed  by  capture  of  the  low-energy  secondary  electrons  at 
base  sites  w  ith  high  electron  affinity.  Since  we  cannot  model  these  processes  based  on 
computer  simulation  of  the  slow  ing  down  of  protons  in  water,  we  assume  that  the 
probability  of  forming  T"  in  an  energy  deposition  event  at  position  .v,  in  a  target 
c\  linder  is  proportional  to  the  amount  of  energy  c,  absorbed  locally  in  that  event. 
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Tins  approximation  li-ads  to  the  expression 

'■.'iH  A'l  X'l 


(1) 


lor  the  \  ieki  of  TI I  relative  to  the  yield  of  its  precursor  T  ,  w  here  /’t^uI.v,)  is  the 
proh.il)ilil\  of  thermallx  aetiv Sited  proton  transfer  at  .v,  and  the  weiKhinu  factors  c, 
rctlect  the  inas  that  inelastic  coliisions  with  large  energy  transfer  to  the  absorbing 
nieduim  are  more  likely  to  be  the  type  that  would  lead  to  formation  of  'P  . 

In  an  excess  of  proton  donors  the  protonation  reaction  w  ill  be  pseudo-first-order 
anil  the  probability  that  protonation  will  occur  at  position  x  is  given  by 


/t(.v, /)exp 


•i 

J  (1 


^(.v,  /')  d/' 


d/ 


(2) 


where  is  the  iluration  of  the  radiation-induced  excess  temperature.  The  rate  of 
protonation,  ^(v, /),  is  given  by 


A(  v. /)  =  .-!  exp  ( -ly  7’(  v./)l  (1) 

where  .  /  is  a  constant,  the  order  of  vibrational  rates,  lO'^s  Cf  is  the  activation 
energy  for  protonation,  and  '/‘( v,  I)  is  the  transient  temperature.  We  assume  that  both 
the  heat  capacitv  and  thermal  conductivity  are  temperature-independent  and  that 
thermal  ilitfusion  parallel  to  the  DN.A  fibres  is  rapid  compared  to  diffusion 

perpenilii  ular  f/l.)  to  the  fibres.  In  the  limit  where  only  the  shortest  transverse 
relaxation  time  (T_  =h'  xHl)  )  is  included 


7‘(v,/)=  7’, +exp|  -/ T.l^  7'j(v,  f  r,.)  (4) 

k 

where  7',  is  the  antbient  sample  temperature,  T.,=A^  2D,,  is  the  longitudinal 
thermal  relaxation  time,  and  T^  is  the  excess  temperature  at  position  v  and  time  t  due 
to  absorption  of  energy  i\  at  position  Vj.  The  sum  over  k  includes  all  energy 
depositions  in  the  target  cylinder  that  approximates  a  DN,\  molecule,  except  the  one 
seleefeil  as  the  site  of  formation  of  T  . 

Mv  solving  the  thermal  diffusion  equation  in  one  dimension,  one  finds 

Ti  =  T’oil  1 +f  r.Oexp" ' -| -(v-.v,)’  2A’(1 -t-/ T,;)l  (.s) 

w  here 


7o.=h  (f2,T’)'  -A-A/.f) 


(f') 


Is  the  initial  excess  temperature  at  v,  due  to  the  absorption  of  energy  The  sample 
density  ,ind  specific  heat  are  denoted  respeetiv  ely  by  p  and  f  '.  I  Itimatelv  f  '  and  /)■■ 
must  be  treateil  as  adjustable  parameters  of  the  model  since  we  are  using  macroscopic 
material  parameters  to  describe  microscopic  processes,  .As  a  starting  point  for  our 
numerical  calculations  we  use  their  water  values  4  X  If)  ergg-degand  10  '’cm’s  ', 
respeetiv  elv.  The  initial  width,  A.  of  the  (iaussian  distributitin  that  approximates  the 
spatial  liistrihution  of  excess  temperature  from  an  individual  energy  deposition 
ev  ent  in  I  )\.\  should  not  exceed  a  few  base-pairs  if  the  estimates  given  by  Brandt 
and  Bitchie  (  1  *>74 1  tor  the  delocalization  of  collective  excitations  in  the  water  appiv  to 
I)\.A. 
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I  imin-  I  r\  pu  il  rs.impli-Mil  tiu-  lr;msu-til  r.itliiitiiin-intliiicil  trtiiprrjturf  ;i!  tin-  positmn  ot 
.1  I  li  \  mini  I  .[(lu  ll  .111 II II I  (  T  I  \Mlli  iiiul  w  itlviut  Ir.insvi  rsr  tlilhisiiin  lor  sniiill  mill  l;iri;i- 
.lll1lllllll^  111  rlirrux  ilrpiiMUtl  iii  iiririiliil  l)\.V  by  a  I  ,\Ii  \  priiliiii  mlb  vi  lnii'v  parallt-i 
III  till  lirlu  al  a\l^  I'hr  i  Hi  i  t  iit  iliHtTi-nl  ti-mpiTaliirr  pmlilts  on  tiu'  proliability  tor 
priiton.inoM  III  I'  !■«  shiixMi  in  thi-  IrKt-nd. 

riu'  i  iillii  ltuii  III  i  iHTiiy  ilcpositioii  i-vcnts  ip  thi- overlap  between  a  proton  track 
•  iiul  a  c\  liiuier  111  radius  h  w  ill  be  called  a  'hit'.  'I'be  number  and  spatial  distribution  ot 
events  in  a  bit  are  hmbly  variable,  lienee,  to  obtain  results  with  yood  statistical 
I  iin\  eriience  reipiires  computer  simulation  ol  a  larne  number  of  interactions  between 
.1  proton  track  anil  a  I  )N  .\  molecule.  The  site  of  formation  of  T  ’  in  a  hit  was  selected 
raiulonilv  from  amoin;  the  etieryv  deposition  events  in  the  taritet  cylinder  that 
.ippriiMmales  a  l)\.\  molecule.  .Ml  other  events  are  assumed  to  contribute  to  a 
radiation-iiuluced  e\cess  temperature.  Since  we  select  only  one  T  per  hit,  our 
model  neulects  any  couplini;  between  radical  anions,  such  as  competition  for  proton 
ilonors.  .Vs  liyure  I  iiulicates,  the  radiation-induced  excess  temperature  at  the  site  of 
lurmation  of  T  and  the  probability  for  protonatioti,  /’m,  are  insensitive  to  the 
asvinmetrv  m  tlu  rmal  ditiusion  when  the  total  eneruy  deposited  in  1)\.A  by  a  hit  is 
-mall,  llowevei.  a  linite  transverse  dilhision  sii>nihcantly  reduces  the  elfectiveness 
lor  proilucine  ri  I  m  hits  ihat  involv  e  lari>e  etterity  deposition  in  DN.A  because  the 
indiv  idu.il  i  xcitalions  m  these  hits  are  disperseil  over  an  appreciable  lenyth  of  the 
molecule,  rile  results  show  n  m  limire  I  were  obtaineil  with  an  initial  width  of  .V4 
and  ,in  aclivation  eiieritv  of  U-2e\  for  the  protonation  reaction. 

rile  predictions  ot  our  movlel  for  the  enhancement  of  TM  yield  in  the  parallel 
irraihation  I'eoinetrv  are  shown  in  liiture  2,  where  an  enhancement  factor  for 
protonation  of  T  ,  delined  ,is  the  ratio  of  the  v  ield  of  Tl  I  per  I'  iti  the  parallel  and 
perpendii  ular  irrailiation  tieometries.  is  plotteil  as  a  function  of  the  initial  wiilth 
p.irameler  in  units  of  ihe  base- pair  separation.  .b4  .\.  I 'he  important  role  of  the  initial 
vviilth  parameter  m  our  moilel  can  be  unilerstood  trom  eipi  (b|,  the  relationship 
bet  vv  cell  eiierity  absorbed  and  e\i  ess  temperature.  (•  renter  deli  wali/.at ion  of  plasmon 
states  reduces  the  initial  excess  temperature  associated  with  indiviilual  eneruy 
ileposition  ev  i'iits.  Sinci’  protonation  ol  T  in  the  perpendicular  case  depends  upon 
enert;y  traiisler  from  a  li-vv  closely  spaceil  ev  ents,  it  is  more  dependent  on  hiith  excess 
tempiTalure  Ismail  initial  vv  iilth )  than  is  protonation  in  the  parallel  case.  1  lence  our 
preiiu  ted  eiiliancinieiit  of  Til  ini  reases  with  the  itlitial  vviilth  of  plasmon 
i  \i  il.ilion-  in  I  )\.\ 
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I'imiri'  2.  I’ri'ilictfi)  r;\ti()  of  I'l  I  yields  for  p;iriillel  and  perpendicular  irradiation  of  oriented 
DNA  as  a  function  of  the  initial  width  parameter  of  the  model  expressed  as  base  pairs 
separated  by  .V4A.  Solid  symbols  show  the  effect  of  a  +10  uncertainty  in  the 
orientation  of  DNA  relative  to  the  proton  flux. 


Results  in  fitjure  2  denoted  by  closed  symbols  show  that  our  predicted 
enhancement  of  the  yield  of  TH  ,  althouftb  reduced,  is  still  significant  even  when  a 
+  10  uncertainty  in  thoanKleat  which  the  incident  particle  intersects  the  DNA  libre 
axis  is  assumed.  All  of  the  results  shown  in  figure  2  are  based  on  an  asymmetry  of 
thermal  diffusion  equal  to  10''’  and  a  distribution  of  acti\?tion  energies  for  the 
protonation  reaction  suggested  by  (Jriislund  et  al.  (197.').  These  results  predict  that 
the  enhancement  of  TH  yields  in  the  parallel  irradiation  geometry  is  dependent  on 
the  linear  energy  transfer  (I.e.t.)  of  the  radiation. 

It  is  difficult  to  compare  quantitatively  the  present  calculation.s  with  data  from 
the  neutron  experiments  of  .Arroyo  el  at.  ( 1 986),  due  to  the  large  energy  and  angular 
distribution  of  recoil  protons  from  the  neutron  spectrum  of  the  'I’RICi.A  reactor. 
1  lowev  er.  our  results  do  indicate  that  long-range  intramolecular  energy  transfer  is  a 
possible  mechanism  for  the  observed  enhancement  of  TM  radicals  when  high-1. e.t. 
radiation  is  incident  on  the  samples  approximately  parallel  to  the  orientation  of  DN.A 
molecules.  Some  idea  of  the  distance  over  which  energy  must  be  transported  if  this 
mechanism  is  correct  can  be  obtained  by  calculating  the  average  distance  between 
the  site  of  T'  formation  and  other  energy  deposition  events  in  the  same  hit.  This 
distance  is  show  n  in  table  1  for  energy  deposited  in  oriented  DN.A  by  a  1  .Me\’  proton 


1 .  Characteristics  of  the  interaction  of 

oriented  D.N'.A  with  1  .Me\'  protons 

<  )rientation  + 

ICntTiiy  deposited  (eV) 

'IVanster  distance  {A)J 

(1 

293 

2240 

t»+  10 

1.30 

474 

dO 

62 

21 

d0+  10 

62 

22 

+  .Ani'le  in  degrees  between  helical  axis  of  1).\.A  and  proton  velocity. 

*  l<oot-niean-si]uare  separation  between  sites  of  T  and  other  excitations. 
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As  WDukI  Ih'  I'xpi'iti'il,  iiitramoli'cuhir  cin.Tj;y  transfer  distances  in  nnr  model 
are  eomparahle  to  the  diameter  of  the  DNA  double  helix  when  the  proton  Hux  is 
iiearK  perpetidicular  to  the  helical  axis  of  DNA;  however  for  the  parallel  case,  the 
awraue  cneri;\ -transfer  distance  is  many  times  i>reater  than  the  diameter  of  the 
moleeule. 

Our  macroseopic  model,  based  on  the  solution  of  thermal  ditfusion  et|uations, 
does  not  pro\  ide  mueh  insiuht  into  molecular  mechanisms  of  the  assumed  energy 
miitration  alom;  DN.A.  .Singlet  excitons  are  not  a  likely  candidate  for  the  mobile 
eneri;v  stale  ilue  to  their  short  lifetime  ((ieorjthiou  <*/  til.  l‘)S.s)  and  migration  of 
triplet  exeitons  in  DN.A  with  inhomoneneous  base  sequence  is  not  expected  to 
exceed  1(1  2(1  of  base  pairs  ((Jueron  et  nl.  I*)74).  .Asymmetry  in  phonon-scatterintj 
rates  has  been  detecteel  by  Raman  spectroscopy  of  oriented  DN.A  (L'rabe  el  til.  I'JSil, 
DeMarco  el  til.  I'W.s),  but  these  low-lrequency  modes  are  not  expected  to  be  \'ery 
ellectiv  e  in  activatmi,'  proton  transfer  to  'I'  .  I  lence,  althoutth  our  model  calculations 
show  that  lonit-ranite  encr(;\  miqration  in  DN.A  could  account  for  the  unusual 
orientation  dependence  of 'll  I  yields  obserr  ed  by  .Arroyo  el  ill.  ( the  molecular 
basis  of  this  h\pothesis  remains  uncertain.  We  are  currently  uttemptinu  to  include 
radical  recombination  in  our  model  to  investiuate  the  orientation  dependence  of  the 
total  railical  \  ield.  We  are  also  startint'  experiments  with  direct  proton  irradiation  of 
orienteil  DN.A  to  obtain  experimental  data  with  a  more  well-detined  proton  Hux  for 
comparison  with  our  model  predictions. 

Acknowledgement 

The  authors  uratetully  acknowleilge  support  for  this  work  hy  the  ( )fhce  of  I  lealth 
and  I'ai\ ironmental  Research  of  the  I'nited  States  Department  of  Rnergy  tinder 
contract  DIv.A('(lh-7f)R I ,( )  IS.Kt,  anil  by  the  Defense  Nuclear  .Aitency  thrmiuh 
iiiterai;i  ncy  transfer  of  funds. 

References 

.\umn  (1.  t '.  .M.,  (■  Ml  MICH  Ml  .  .\.  J ,,  SwiMii  hi;.  C.  K.,  and  M  vi  us,  Jr.  I..  S.,  I'fSfi,  Neiitron- 
ituliii  ed  Iree  radii  als  in  nnenled  I  )N  .\.  hileniitliiniiil  Jiitirniil  of  Riuliiilniii  liiiiliiey.  50, 
7SH  7‘».V 

Hlivviir,  W  ,  .ind  Kiiciiir,  H.  II,,  l'>74.  I’rimary  process  in  the  physical  staue.  I‘liytiiiil 
.Mi  l  liiiiiisiii  III  Riiiliiiliiiii  tliiiliiiiy.  edited  hv  K.  I).  (.'ooper  and  K.  \V.  WoihI  (  I'echnical 
Inforinalion  I'cnicr,  I  S. NIX'),  pp.  2(t  4‘t 

DiMmico.  l,iM)s\>,  S  .\l.,  I’oKoKNV.  .M  .  I'owni.  J..  and  Kiithi  in  i ,  I'tS.s. 
Inicriiclical  ctlci'ls  on  the  low -Irispiencv  modes  and  phase  Iransiiitnis  of  l.i-  atui  Na- 
l)N,\,  llinpiilyiiii'i'i.  24,  20.Vt  2040. 

(iiinnauoi  ,  S  .  Noiiin  I  xu,  T.  M  ,  ,ind  S\i\i,  .\.  .\I..  I'tX.s,  I’icosecond  Hnorescence  ilecay 
inne  measnremeni  of  nucleic  acids  al  room  lempcralnre  in  aipieous  sohilion. 
Plinliii  liriiiistrv  mill  Pliiilnhiiiliiyv.  41,  200  212. 

( ill  \si  I  Ml,  ,  I'.mhimii  III,,  A  .  I<i  l■l•nl  I  H  i .  .\,,  .nul  Si  iiii\i,  ( i.,  1071 ,  Imnc  base  radicals  in 
irr.tdiali'd  l)N,\.  Iliniliiiiiini  I't  Itinpliysini  .hlii.  254,  172  litti. 

(llii'li  Ml,  .\.,  I'.lllil  Mil  III,,  ,\.,  I<1  l•l■lll  I  II I .  .\.,  .nul  SriioM.  (i.,  1070.  I'.v.-nuluied  free 
r.idicals  in  oricnied  l)N  A  l‘liiitiii  liiiiiitli  \  niiil  I’hiiliihinliiuy.  29,  24.s  2.M  . 

( ill  \-i  I  XII,  .\  ,  liiiiii  xni  no,  .\.,  Ki  l•l■lll  i  ii  i .  .\.,  I'l  m  i  ihx.  It.,  and  Si  uiiM.  ( i.,  1 07.s,  K.SK 
kinetics  III  .1  Ircc  radical  com  crsion  in  ;  -irra<liatcd  oriented  l)\.\.  Uiitliiiliiiii  Ri  si  iiri  li, 
61,4SX  sOV 

( ill  \'i  I  xn,  .\.,  Ki  l•l•ln  1  n  I .  Kiinxi  1  IX,  W.,  and  Hi'  i  ii  iim  \x,  J.,  I  OX  I,  Radiat  ion- induced 
lice  radicals  in  onenlcil  hromoiiracil-suhsiiliiled  I)N.\.  RiiiIiiiIiiih  Retiiirili.  88,  I  10. 

(  ii  I  mix,  M..  l-.i.'.ixi.i  II.  I  .  and  I.VMiil  \.  ,\.  .\-.  1074.  l^\l  IU■^l  stales  oi  nncitac  ai  iiis.  liiiiii' 
Riiiiiipiii  nj  ,\in/rii  .hill  ('liriniitiv.  Vof  I.  lahleil  hy  Paul  < ),  I*.  'I's’ii  (  Ni‘W  'I'ork: 
.\c.idcmii  I’rcssl,  pp.  ,1 1  1  .iO.S. 


Rapid  atHiiiiiiiiiailioii 


')()7 


I  liii  1 ,  17  ( ).,  Ni  l  M)V,  \V,  II.,  C'l.o.'iF,  I).  M.,iind  Sacsti  fn,  \  l^S".  K.SR  iind  ICN  DOK  study 

of  the  i;u;inine  cation:  secondarv  product  in  .s'-dCiMI’.  Ji  urna!  nf  (  heiiiiail  Plivsics.  86, 
,s2IS  521'). 

I  ir  I  1 1  KM  \\\.  J ,,  \  ()i  I ,  K.,  ()i OFF.  II..  Kdiisi  Fiv,  \V.,  (Jmasi.i  \t),  .A,,  and  Hi  l■l■HF(■n  i , 

I  ')S4.  SpcciHc  lorntution  of  electron  uain  and  loss  centres  in  \-irradiateil  oriented  libers 
of  DN.-X  .It  lovv  temperatures.  I'linuJtiy  Distiissioiis  ('lii'iiiinii  Smifty,  78,  1.5.5  14'). 

Hi  I’I’HFi  hi  .  .a.,  1')66,  Preparation  of  oriented  I)\.A  by  wet  spinning.  Arta  ('liiimni 
Si  iiiidiiitifica.  20,  4')4  504. 

I  HMII  .  II.,  1  '(iMiwcA,  Y.,  and  Kriiorx,  K..  l')8.5.  K\perimental  evidence  of  collective 
vibrations  in  I  )\.A  ilouble  helix  (Kaman  spectroscopy).  Jiiiirntil  iif  <  'hcmimi  Pliysiis,  78, 
5').57  .s').!'). 

Wll  .sov.  \V,  K.,  and  P.vkftzkf.  H.  (i.,  l')SI,  Calculation  of  distributions  of  eiierity  imported 
and  ionization  by  fast  protons  in  nanometer  sites.  RiiJiiilioii  Rintinh,  87,  521  5.57. 


Reprint 

Publishers:  S.Karger,  Basel 
Printed  in  Switzerland 


MMaQ  >oMis  naoioaiOLOOT 
■isaaMH  iwariTviTi 

kiintipc  mpont 

SR88-26 


Bonavida,  Gifford.  Kirchner,  Old  (eds.).  Tumor  Necrosis  Facior/Cachectin  and 

Related  Cytokines.  Int.  Conf.  Tumor  Necrosis  Factor  and  Related  Cytotoxins,  Heidelberg  1 987. 

pp.  246-231  (Karger.  Basel  1988) 

In  vivo  Effects  and  Interactions  of  Recombiiaant 
Interleukin  1  and  Tumor  Necrosis  Factor  in 
Radioprotection  and  in  Induction  of  Fibrinogen 

Ruth  Neta 

Armed  Forces  Radiobiology  Research  Institute,  Bethesda,  Md.,  USA 


Although  interleukin  1  (lL-1)  and  tumor  necrosis  factor  (TNF)  are 
both  produced  by  stimulated  macrophage-monocytes,  they  are  molecularly 
distinct,  act  via  separate  receptors,  but  show  striking  resemblance  in  their 
biological  activity.  Both  cytokines  are  pyrogenic  [1],  induce  colony  stimu¬ 
lating  factor  [2]  and  acute  phase  proteins  [3],  activate  neutrophils  [4,  3], 
reduce  cytochrome  P-450  functions  (6,  7],  and  inhibit  lipoprotein  lipase  [8, 
9].  Furthermore,  IL- 1  and  TNF  have  been  reported  to  induce  the  release  of 
one  another  [  1 ,  10].  Because  of  this  mutual  induction,  the  relative  contri¬ 
bution  of  IL-1  or  TNF  to  the  induction  of  a  given  activity  becomes  difficult 
to  establish.  In  an  attempt  to  determine  whether  these  two  cytokines  act 
independently,  we  have  compared  the  effect  of  administrating  them  sepa¬ 
rately  or  in  combination  on  radioprotection  and  on  the  induction  of  an 
acute  phase  reactant  -  fibrinogen.  We  now  report  that  IL-1  and  TNF  have 
synergistic  effects  on  radioprotection  and  on  the  levels  of  circulating 
fibrinogen. 


Materials  and  Methods 

Mice.  inbred  mice  were  obtained  from  Jackson  Laboratories,  Bar  Harbor, 

Me.  The  mice  were  housed  in  the  Veterinary  Department  Facility  at  the  Armed  Forces 
Radiobiology  Research  Institute  in  cages,  with  Micro-Isolation  unit  tops,  10  mice/cage. 
Female  mice.  8-12  weeks  of  age,  were  used  for  all  experiments.  Standard  Lab  chow  and 
HCI  acidified  water  (pH  2.4)  were  given  ad  libitum.  All  cage-cleaning  procedures  and 
injections  were  carried  out  in  a  laminar  flow  unit. 
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Cytokines.  Human  recombinant  IL-la  was  generously  provided  by  Immunex  and  by 
Hoffmann-La  Roche.  The  preparations  were  supplied  in  PBS  pH  7,2  and  30  mM  Tris- 
HCI,  400  m.U  NaCI,  pH  7.8,  respectively,  and  used  on  weight  basis.  Human  recombinant 
TNFa,  lot  No.  CP4026PO8,  specific  activity  9.6  X  10*’  units/mg  in  PBS  was  a  generous 
gift  from  Biogen.  All  reagents  were  diluted  to  the  desired  concentration  in  O.S  ml  pyrogen- 
free  saline  just  prior  to  the  single  intraperitoneal  injection  of  mice,  20  h  before  irradiation. 
.All  cytokine  preparations  were  assayed  for  LPS  contamination  in  LAL  assay  and  deter¬ 
mined  to  contain  less  than  0. 1  ng/inoculum. 

Irradiation.  Mice  were  placed  in  plexiglass  containers  and  were  given  whole  body 
irradiation  at  40  rd/min  by  bilaterally  positioned  '’"Co  elements.  The  number  of  surviving 
mice  was  recorded  daily  for  30  days. 

Fibrinogen  .Assay.  Mice  were  bled  (retroorbitally)  at  20  h  after  injection  of  cyto¬ 
kines  and  the  plasma  was  collected  and  stored  at  -20“C.  Assays  for  fibrinogen  in 
diluted  citrated  plasma  were  performed  by  measuring  the  rate  of  conversion  of  fibrino¬ 
gen  to  fibrin  in  the  presence  of  thrombin  excess.  The  calibration  was  made  using  the 
Sigma  Diagnostic  Kit.  Measurements  of  fibrin  clot  formation  were  performed  on  a 
fibrometer  (Becton-Dickinson).  The  data  are  expressed  as  milligram  fibrinogen  per 
100  ml  plasma. 


Results 

Radioprotection  with  hrlL-Ia  and  hrTNFa 

We  have  compared  the  effect  of  increasing  doses  of  hrIL-la  and  of 
hrTNFa  on  protection  of  lethaily  irradiated  B6D2F1  mice  (LD95/30  “  1,050 
rad).  IL-la  in  doses  ranging  from  75  to  1,000  ng  protected  80-85%  of  mice 
from  death.  Although  equivalent  doses  of  hrTNFa  had  no  radioprotective 
effect,  significant  radioprotection  was  obtained  with  doses  ranging  from  5 
to  10  jig  hrTNFa.  The  maxima!  degree  of  radioprotection  achieved  with 
the  optimal  dose  of  hrTNFa  (40-50%)  was  significantly  less  than  that 
observed  with  hrIL-la.  Therefore,  hrTNFa  is  a  less  effective  radioprotec¬ 
tor  in  mice  than  hrIL-la.  The  combination  of  hrIL-la  and  hrTNFa 
resulted  in  a  synergistic  radioprotective  effect,  at  supralethal  doses  of 
radiation,  with  a  greater  surviving  number  of  mice  than  predicted  from  the 
sum  of  radioprotection  obtained  with  each  cytokine  alone  (fig.  1).  A 
supralethal  dose  of  1 , 1 50  rad,  rather  than  the  usual  dose  of  1 ,050  rad,  was 
used  in  this  experiment  in  order  to  reduce  the  radioprotective  effects  of 
IL-1  and  TNF  by  themselves,  and  to  reveal  interactions  between  these  two 
cytokines. 
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Treatment  group 


Fig.  I.  B0D2F1  mice,  8-12  weeks  old,  received  intraperitoneally  0.5  ml  saline  (con¬ 
trol),  0.1  IL-1,  5  tig  TNF,  or  a  combination  of  the  two,  20  h  prior  to  whole-body 

supralethal  irradiation  ( 1,1 30  rad).  The  results  show  the  sum  of  three  experiments  con¬ 
sisting  of  20-30  mice  in  each  group.  The  percent  survival  in  the  control  group  was 
zero. 


Table  1.  In  vivo  production  of  fibrinogen  by  BsDjFi  mice  in  response  to  hrlL-la  and 
hrTNFa 


Cytokine 

Dose,  pg 

Fibrinogen,  mg/dl 

Percent  increase 

IL-1 

0.1 

256 

97 

0.2 

290 

123 

0.5 

342 

163 

1.0 

392 

201 

TNF 

1.0 

181 

40 

2.0 

225 

73 

5.0 

212 

63 

7.5 

221 

70 

IL-1  +  TNF 

0.1  +  7.5 

422 

225' 

Saline 

130 

0 

The  data  are  representative  for  one  of  three  experiments,  each  of  which  used  3  mice/dose 
of  monokine.  Data  are  the  mean  for  triplicate  measurements  for  each  plasma  sample. 
Standard  deviations  were  less  than  10%  of  the  mean. 

'  Significantly  greater  than  the  167%  predicted  increase. 


Synergy  of  IL-1  and  TNF  in  Radioprotection 


249 


Induction  of  Fibrinogen  with  hrIL  Ia  and/or  hrTNFa 
The  levels  of  fibrinogen  in  the  plasma  of  B6D2F1  mice  20  h  following 
administration  of  the  two  cytokines  were  also  determined.  The  results  in 
table  I  show  that  on  a  weight  basis  hrIL-la  induces  higher  levels  of  fibrin¬ 
ogen  than  hrTNFa.  Furthermore,  an  optimal  dose  of  hrIL-la  induces  a 
much  higher  increase  in  fibrinogen  than  the  optimal  dose  of  hrTNFa. 
Administration  of  hrIL-ta  and  hrTNFa  in  combination  resulted  in  a 
synergistic  increase  in  production  of  fibrinogen. 


Discussion 

The  overlapping  biological  effects  and  mutual  induction  of  hrIL-la 
and  hrTNFa  make  it  difficult  to  attribute  a  given  activity  to  one  or  the 
other  of  these  two  cytokines.  Although  our  results  do  not  establish  the 
precise  contribution  of  each  cytokine  to  radioprotection  and  fibrinogen 
production,  the  evidence  suggests  they  have  independent  effects. 

The  requirement  for  much  higher  doses  of  hrTNFa  than  hrlL- la  can¬ 
not  be  attributed  to  lower  cross-species  activities  of  TNFa,  since  we  also 
require  similarly  higher  doses  of  murine  TNFo  to  obtain  radioprotection 
(unpubl.  observations).  Furthermore,  the  suggestion  that  the  effect  of  TNF 
is  mediated  by  IL-1  is  unlikely  since  the  synergy  of  optimal  doses  of  hrlL- 
la  and  hrTNFa  in  protecting  mice  against  lethal  doses  of  radiation  sug¬ 
gests  that  the  effect  of  these  two  cytokines  is  based  on  different  pathways. 
Although  the  mechanism  of  action  to  achieve  radioprotection  remains 
unknown,  a  number  of  the  activities  of  IL-la  and  TNFa  may  be  related  to 
the  radioprotective  effect.  For  example,  induction  of  acute  phase  proteins, 
some  of  which  (metallothionein  and  ceruloplasmin)  with  the  capacity  to 
scavenge  free  radicals,  may  contribute  to  radioprotection  [11,  12).  Al¬ 
though  IL-la  induction  of  bone  marrow  cell  cycling  (13)  may  present  yet 
another  critical  event  in  radioprotection,  TNFa  is  not  known  to  have  this 
capability.  In  fact,  TNFa  has  been  reported  to  be  inhibitory  to  hemato¬ 
poiesis  [14,  15).  Several  reports  exist,  however,  that  TNF  has  a  role  in 
hematopoietic  differentiation  [  1 6, 1 7).  This  differentiating  effect  of  TNF  is 
most  pronounced  when  TNF  is  used  in  conjunction  with  other  cytokines. 
Whether  this  effect  of  TNFa  on  hematopoietic  cells  contributes  to  its 
radioprotective  effect  remains  to  be  established. 

Elevated  plasma  levels  of  fibrinogen  have  been  shown  previously  to  be 
a  consequence  of  stimulation  of  hepatocytes  [18).  The  finding  that  com- 
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bined  administration  of  IL-1  and  TNF  results  in  more  than  an  additive 
effect  on  fibrinogen  production,  again  suggests  that  the  combination  of  the 
two  signals  (lL-1  and  TNF)  induces  distinct  rather  than  overlapping 
responses  by  hepatocytes. 

IL-1  and  TNF  are  cytokines  prominent  in  inflammation.  As  such  they 
have  a  dual  role  of  contributing  to  host  defense  as  well  as  being  involved  in 
the  process  of  healing  and  repair.  Unfortunately,  their  conjoint  activities, 
if  pronounced,  may  also  be  deleterious  to  the  host.  The  effects  of  these  two 
cytokines  may  be  regulated  and  therapeutically  useful  after  sufficient 
knowledge  is  acquired  concerning  their  actions  and  interactions. 
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Rapaated  injactions  or  infusion  of  hamatopoiatic  growth 
factors,  such  as  intorloukin-3  (IL-31.  granulocyte  macro- 
phaga-colony  stimulating  factor  (GM-CSF).  or  granulocyte- 
colony  stimulating  factor  (G-CSFI,  accalarata  restoration 
of  hematopoiesis  in  animals  compromised  by  sublethal 
doses  of  cytotoxic  drugs  or  irradiation.  Prev'uus  work  by 
the  investigators  has  shown  that  IL-1  induced  circulating 
CSF  in  normal  mica  and.  whan  used  after  sublethal  irradia¬ 
tion,  accelerated  the  recovery  of  endogenous  splenic  colo¬ 
nies.  Therefore,  IL-1,  as  well  as  IFN->,  tumor  necrosis 
factor  (TNF),  G-CSF,  and  GM-CSF,  ware  evaluated  as 

AS  ATTESTED  BY  the  experience  with  recent  nuclear 
accident.s,  there  is  no  effective  treatment  for  patients 
exposed  to  doses  of  radiation  that  result  in  fatal  hemato¬ 
poietic  failure  and/or  secondary  infections.  Clinical  difficul¬ 
ties  due  to  HLA  mismatching,  such  as  graft  v  host  (GVH) 
reactions  and  graft  rejection,  minimize  the  successful  use  of 
bone  marrow  transplantation  (BMT)  in  these  situations. 
Therefore,  agents  that  promote  repair  of  bone  marrow 
damage  and  improve  the  recovery  of  the  surviving  fraction  of 
cells  must  be  identified. 

The  investigators  have  reported  previously  that  the  cyto¬ 
kines  interleukin- 1  (IL-1 )  and  tumor  necrosis  factor  (TNF), 
but  not  II.-2,  interferon  (IFN)-7,  or  granulocyte  macro- 
phagc-colony  stimulating  factor  (GM-CSF),  when  adminis¬ 
tered  before  lethal  irradiation,  protect  mice  from  death 
resulting  from  the  hematopoietic  syndrome.''^  However,  the 
use  of  II.- 1  following  lethal  irradiation  (lethal  dose 
ll.D|ii«,w)  did  not  affect  survival.’  It  has  been  reported  that 
the  hematopoietic  growth  factors.  IL-3,  GM-CSF.  G-CSF, 
and  CSF-1,  accelerate  restoration  of  hematopoiesis  in  ani¬ 
mals  compromised  by  suble'hal  doses  of  radiation  or  by 
cytotoxic  drugs.*’  IL-1  used  after  irradiation  was  also  e'l'cc- 
tive  in  accelerating  hematopoietic  recovery  in  sublethally 
(700  cGy)  irradiated  mice.''*  Furthermore,  IL-1  and  TNF 
both  induce  the  appearance  of  high  titers  of  CSFs  in  the 
circulation."  The  effect  of  administering  a  single  intra perito¬ 
neal  dose  of  IL-1,  TNF,  GM-CSF,  or  G-CSF  shortly  after 
irradiation  of  mice  has  been  examined.  In  addition.  IFN-y 
was  studied  to  determine  if  its  antiproliferative  effect  renders 
it  ineffective  as  a  restorative  agent. 

The  investigators  present  data  which  show  that  a  single 
injection  of  IL-1,  in  a  dose-dependent  manner,  promotes 
survival  of  C31l/lleN  mice  from  a  radiation  dose  that 
results  in  death  of  95'f  of  control  animals  within  30  days 
(LD^vw)-  IFN-y  had  a  similar  effect,  TNF  also  showed 
limited  therapeutic  efficacy,  while  G-CSF  and  GM-CSF 
were  not  effective  in  promoting  survival. 

MATERIALS  AND  METHODS 

\tne  .A  total  of  450  C'3H/HeN  mice  were  purchased  from 
Animal  fienetics and  Prixluction  Branch,  NCI  (Frederick,  MI)),  for 
use  in  these  experiments  Mice  were  quarantined  on  arrival  and 
screened  for  evidence  of  disease  before  being  released  from  quaran¬ 
tine  They  were  maintained  in  an  AAAI, AC  accredited  facility  in 
plastic  Micro-isolator  cages  (l  ab  Products,  Maywixxi.  NY)  on 


potanturi  tharipautic  agant*  in  irradiatad  C3H-HaN  mica.  A 
tingla  intraparitonaal  injaction.  adminiatarad  within  thraa 
hours  aftar  a  lathal  dosa  (LOIm/m  o1  irradiation  that  would 
kill  95%  of  mica  within  30  days,  protected  in  a  dosa- 
depandant  manner  up  to  100%  of  mica  from  radiation- 
induced  death  due  to  hamatopoiatic  syndrome.  Significant 
therapeutic  affects  were  also  achieved  with  a  single  dosa 
of  IFN-y  or  of  TNF.  In  contrast.  GM-CSF  and  G-CSF. 
administarad  shortly  after  irradiation,  had  no  effect  in  the 
doses  used  on  mica  survival, 
a  1988  bf  Grunt  A  Stratton.  Inc. 

hardwood  chip  contact  bedding  and  provided  with  commercial 
rodent  chow  and  acidified  tap  water  ( HCI  hi  a  pH  of  2.5)  ad  libitum. 
Animal  holding  rooms  were  maintained  at  70  ±  2“Fwith50%  *  lOT 
relative  humidity  using  at  least  ten  air  changes  per  hour  of  10057 
conditioned  fresh  air.  The  mice  were  on  a  12-hour  light-dark  full 
spectrum  lighting  cycle  with  no  twilight.  Mice  were  8  to  10  weeks  of 
age  when  used.  All  cage  cleaning,  handling,  and  injections  were 
carried  out  in  a  laminar  flow  clean  air  unit. 

Cytokines.  Human  recombinant  I L- 1 «  was  generously  provided 
by  Immunex  (Seattle)  and  by  Ho(Tman-La  Roche  (Nutley.  NJ). 
The  preparations  were  supplied  in  phosphate  buffered  saline  (PBS) 
at  pH  7.2  or  in  30  mmol/L  tris-HCl,  400  inmol/L  NaCI,  pH  7.8, 
respectively,  and  used  on  a  weight  basis.  Human  recombinant  TNF 
o.  lot  number  CP4026PO8,  specific  activity  0.6  x  IO‘U/mginPBS 
was  a  generous  gift  from  Biogen  (Cambridge.  MA).  Murine  recom¬ 
binant  GM-CSF  was  provided  by  Immunex  as  a  lyophilized  powder 
with  sucrose  as  a  stabilizing  agent.  Human  recombinant  G-CSF. 
specific  activity  8  x  10’  U/mg  was  a  gift  from  Amgen  (Thousand 
Oaks,  CA).  Murine  recombinant  IFN-y,  lot  4296,  specific  activity 
6.8  X  10*  U/mg  was  a  gift  from  Genentech  (San  Francisco),  All 
reagents  were  diluted  to  the  desired  concentration  in  pyrogen-free 
saline  just  before  the  single  intraperitoneal  injection  of  O.S  mL  to 
mice,  one  to  three  hours  after  irradiation.  All  cytokine  preparations 
were  assayed  for  lipopolysaccharide  (LPS)  contamination  in  a 
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limulus  ameboycte  uiisay  and  determined  to  contain  less  than  0.1  ng 
per  inoculum. 

Irradiation.  Mice  were  placed  in  plexiglass  containers  and  were 
given  whole  body  irradiation  at  40  cCiy  /min  by  bilaterally  positioned 
“Co  elements.  The  number  of  surviving  mice  was  recorded  daily  for 
30  days.  Preliminary  studies  established  SOO  cGy  to  be  the  lethal 
dose  for  95'3  of  mice. 

Slali.^tical  analysis.  Statistical  evaluation  of  the  results  was 
done  using  chi-square  analysis. 


these  two  growth  factors  accelerate  recovery  of  the  hemato¬ 
poietic  system.” 

Treatment  with  IFN-y.  Administration  of  1.25  iig  of 
IFN-y  following  irradiation  of  mice  with  an  dose 

promoted  survival  (/’<.00l)  (Fig  ID).  This  result  is  in 
contrast  to  the  previous  observation  that  IFN-y  was  not 
radioprotective  when  used  before  lethal  irradiation.'^ 

DISCUSSION 


RESULTS 

F/fecI  of  IL-I .  Doscsofll.-I  ranging  from  0. 1  to  0.5  jig, 
previously  shown  to  be  radioprotective,  were  administered  20 
hours  before  irradiation.'  ’  In  this  report  a  broader  range  of 
0.1  to  5.0  (Tgdoscsof  IL-1  for  therapeutic  etfects  was  tested, 
in  six  consecutive  experiments,  a  dose-dependent  beneficial 
elfect  of  treatment  with  IL-I  on  survival  of  800  cGy 
irradiated  mice  was  observed  ^Fig  I  A).  The  most  effective 
doses  ranged  from  1 .0  to  5.0  ^g.  Up  to  lOO'T  of  mice  survived 
if  given  a  single  injection  of  II.- 1  within  one  to  three  hours 
after  irradiation  with  an  LD,,.jodose. 

Treatment  •nith  T.\F.  Administration  of  a  high  dose  of 
5.0  Mg  TNF  significantly  improved  survival  (P  <  .001 )  (Fig 
IB).  However,  on  a  weight  basis.  TNF  did  not  equal  the 
therapeutic  potency  of  I L- 1 . 

F/feet  of  OM-CSF  and  G-CSF  A  single  injection  of  a 
range  of  doses  of  either  GM-CSF  or  G-CSF  was  adminis¬ 
tered  one  to  three  hours  after  irradiation.  None  of  these 
treatments  had  any  effect  on  mice  survival  (Fig  1C).  This 
differs  from  reports  indicating  that  multiple  injections  of 


Fig  1 .  Effect  of  treatment  with  cytokines  IL-1a  TNF-a  IBK 
G'CSF  and  GM-CSF  (C)  and  IFN-7  (D)  after  irradiation  with  800 
rads  on  survival  of  C3H-HeN  mice.  C3H-HeN  mice.  8  to  10  weeks 
old  were  exposed  to  **^€07  irradiation  and  one  to  three  hours  later 
given  intraperitoneal  injections  of  cytokines  in  doses  as  specified, 
or  saline.  The  numbers  at  the  top  of  the  bars  represent  the  total 
number  of  mice  given  each  treatment.  The  data  presented  summa¬ 
rize  the  results  of  six  experiments.  *P  ■  .001.  compared  with 
saline  controls. 


The  results  demonstrated  that  IL-l,  TNF.  and  IFN-y  can 
promote  survival  of  irradiated  mice  from  radiation- 

induced  death.  A  single  intraperitoneal  dose  of  either  cyto¬ 
kine  administered  one  to  three  hours  after  irradiation  was 
sufficient  to  increase  mice  survival  45"^  to  100%.  Therefore, 
these  data  suggest  the  possibility  that  IL-I,  TNF,  and  IFN-y 
act  directly  or  indirectly  to  aid  in  the  recovery  from  radiation 
damage. 

Early  studies  of  damage  induced  by  whole-body  exposure 
to  ionizing  radiation  established  the  existence  of  a  hemato¬ 
poietic  degenerative  phase.'’  This  phase  lasts  for  several  days 
depending  on  the  species  and  is  characterized  by  an  initial 
neutrophilia  that  lasts  for  several  hours  and  by  the  appear¬ 
ance  of  numerous  abnormal  myelocytic  cells  first  observed  in 
the  marrow  and  several  days  later  in  the  blood.  The  elevated 
numbers  of  neutrophils  in  the  blood  and  the  elevation  in 
levels  of  fibrinogen  (Neta,  unpublished  data.  1988).  are 
indicative  of  an  inflammatory  reaction  to  the  radiation 
induced  damage.  Furthermore,  several  laboratories  previ¬ 
ously  reported  that  ionizing  radiation  causes  an  increase  in 
phagocytic  and  bacteriocidal  activity  of  mature  neutrophils 
and  macrophages. '*■'*  The  inflammatory  response  in  turn 
presumably  assists  in  recovery  from  irradiation  by  removal  of 
damaged  tissues  and  by  promoting  the  restoration  of  normal 
function. 

Another  characteristic  of  degenerative  phase  that  develops 
in  parallel  with  neutrophilia  is  a  temporary  mitotic  inhibition 
of  the  dividing  cells,  the  duration  of  which  is  radiation- 
dose-depende.;t  and  lasts  for  several  hours  in  the  LD,o/)o 
dose  ranges.”  As  dividing  cells  are  the  most  sensitive  to 
radiation  damage,  it  is  the  repair  of  these  rapidly  dividing 
cells  that  may  be  critical  for  survival.  It  is  therefore  possible 
that  IL-I,  TNF.  and  IFN-y  may  change  the  kinetics  of 
proliferation  and  recovery  and/or  promote  the  repair  of 
damaged  cells. 

The  fact  that  IL-I  is  not  effective  when  used  after 
irradiation  in  treatment  of  mice  given  higher  radiation  doses 
than  LD.,/)o  may  indicate  that  a  small  number  of  surviving 
stem  cells  or  progenitor  cells  may  be  the  necessary  targets  of 
IL-I.  All  additional  explanation  may  depend  on  the  repair  of 
the  damaged  progenitor  cells  that  may  be  achieved  with 
IL-I.  The  reported  production  of  IL-I  following  irradia¬ 
tion”  ™  suggests  that  endogenously  produced  IL-I  ma.  also 
aid  in  damage  repair. 

These  studies,  as  well  as  studies  from  other  laboratories  of 
effect  of  cytokines  on  recovery  of  damage  from  radiation  or 
cytotoxic  drugs  are  still  preliminary.  Given  the  observed 
success  in  mproving  recovery  from  radiation  damage,  the 
effect  of  cytokines  as  adjuncts  or  substitutes  for  BMT  should 
be  carefully  evaluated. 
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Effects  of  dithiothreitol,  a  sulfhydryl  reducing  agent,  on  CA, 
pyramidal  cells  of  the  guinea  pig  hippocampus  in  vitro 
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I  he  railiiipruieetani.  dithiiithreiKil  ( D  i  l  l  has  been  shown  to  increase-  excitability  in  the  hippocampal  slice  preparation.  In  the  pres¬ 
ent  snub  .  intracellular  rccordinu  techniques  were  used  to  further  examine  the  actions  of  DIT.  Eleclrophysiological  recordines  from 
(  pvramidal  cells  were  obtained  prior  to.  during  and  after  D  FI  exposure.  DTr  caused  a  small  depolarization  w  ithout  altering  mcm- 
br.ine  resistance  D  IT  induced  spontaneous  tiring  and  occasional  burst  firing  in  normally  silent  neurons.  These  effects  were  accompa¬ 
nied  bs  a  reduction  in  spike  Ircqucncy  adaptation  but  no  change  in  the  alterhyperpolarization  following  a  train  of  action  potentials, 
hollowing  I)  IT  cx|sosurc.  orthodromic  stimulation  produced  multiple  firing.  Subthreshold  excitatory  postsynaptic  potentials  (EPSPs) 
were  signilic.intb  prolonged  Isolating  the  C'A,  subfield,  attenualcd  the  prolongafion  of  the  EPSP  by  DTT.  Recurrent  inhibitory  posl- 
svn.iptic  potentials  were  unalicctcd  by  DTI .  The  actions  of  DTT  are  likely  to  result  from  DTT-indueed  reduction  of  disulfide  bonds 
since  the  reduced  form  of  DTT  does  not  cause  a  similar  hypcrexcilability. 


IVIROIH  tTION 

The  hippiKampus  is  vulnerable  to  radiation  dam¬ 
age.  Following  e.xposure  to  .X-radiation,  spiking  ac- 
tiMty  ttppears  in  eleetroencephalographic  recordings 
from  this  are;i  of  the  brain'"' Single  unit  record¬ 
ings  in  \iM)  shtiw  that  neuronal  firing  patterns  in  the 
hippocampus  are  disrupted  by  radiation".  In  vitro 
studies  indicate  th;it  -'-radiation  can  impair  both  syn¬ 
aptic  and  e.xtrasynaptic  mechanisms  in  the  hippocam¬ 
pus'". 

Dithiothreitol  (DTT).  a  disulfide  reducing  agenf*. 
has  been  used  as  a  radioprotectant  in  cellular  and  en¬ 
zyme  systems'  It  is  thought  to  act  both  by 

scavenging  free  radicals''  "  '"  and  by  donating  hy¬ 
drogen  to  damaged  macromolecules''.  Many  studies 
have  demonstrated  that  DTT  affects  neurotransmit¬ 
ter  systems  including  ticetylcholine' dopa¬ 
mine'  .  opiates"  .  norepinephrine"'*  "'  and  his¬ 
tamine'"".  .-Ml  these  transmitters  are  effective 


agents  in  the  hippocampal  slice  (for  review  see  ref. 
6).  A  previous  study  showed  that  DTT  increases  hip¬ 
pocampal  excitability,  causing  spontaneous  and 
evoked  burst  firing'"'.  Both  synaptic  and  extrasynap- 
tic  mechanisms  were  implicated.  The  present  study 
uses  intracellular  recording  techniques  to  examine 
the  mechanism(s)  whereby  DTT  increases  neuronal 
excitability.  Preliminary  results  have  been  presented 
elsewhere*'*. 


MATERIALS  AND  METIKJDS 

Hippocampal  slices  (4IKI-45()  nm  thick)  were  pre¬ 
pared  from  euthanized  male  Hartley  guinea  pigs  as 
previously  described"' '*".  Slices  were  incubated  at 
room  temperature  in  oxygenated  solution  (see  be¬ 
low)  for  at  least  2  h  to  allow  recovery  from  the  dissec¬ 
tion.  One  slice  was  then  placed  in  a  submerged  slice 
chamber  (Zbicz  design  )'*'*.  The  tissue  was  continu¬ 
ously  superfused  (d.R-l.O  ml  min)  wrh  a  solution 
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fiinlainini;  (m  niM):  NaC'l  124,  K('l  ,4.0,  CaCl,  2,4. 
McSOj  1  .4.  KH;P(),  1.24.  NallCO,  20.0  and  glu¬ 
cose  10.0,  oxygcnalcd  with  O.S'V  Oy.S'J  C()>  and 
niaintaiiK'il  at  .40  i  1 

DTI.  ohiaincd  Irom  CalhiiKhcm  (Tot  numbers 
2.4.41,s.4  and  41010.4).  was  dissidveil  in  the  bathing  so¬ 
lution  iinnicdiateK  prior  to  use  to  give  a  final  coneen- 
tration  of  tl  .'4  niM.  After  obtaining  control  data,  the 
slices  were  superfused  with  the  D  IT  solution  for  2.4 
mill  This  dose  and  exposure  time  were  chosen  be¬ 
cause  they  consistently  increased  excitability  in  the 
field  potential  recordings.  Subsequent  to  DTT  expo¬ 
sure.  slices  were  superfused  with  normal  solution  for 
tile  rcmaiinicr  of  the  experiment.  Dat.i  were  col- 
Icctcii  for  a  minimum  of  btl  min  after  the  initial  expo¬ 
sure  to  D  IT. 

Concentric,  bipolar  stainless  steel  electrodes  were 
used  to  provide  constant-current  stimuli  (up  to  (I..4 
niA,  2IHI  ns  duration.  (1.2  II/)  to  hippocampal  path¬ 
ways.  Cells  m  the  CA,  region  of  hippocampus  were 
orthodromicallv  activated  by  stimulation  of  afferent 
fibers  in  the  stratum  radiatum.  Antidromic  potentials 
were  elicited  by  stimulation  of  the  alveus. 

Itttraccllular  recordings  from  CA,  pyramidal  cells 
were  obtained  through  electrodes  filled  with  either  2 
M  KCI  (2(1-40  M12)  or  4  M  potassium  acetate 
(7(1-  KHI  \U2).  A  conventional  bridge  circuit  (Dagan 
SIIKI)  allowed  potential  recording  and  intracellular 
currctit  iniection  via  the  same  electrode.  The  bridge 
was  balanced  fret|uently  by  passing  pulses  of  current 
and  monitoring  the  potential  on  the  oscilloscope. 
D.ita  were  rcconlcvl  on  a  (iouUI  chart  recorder  and  a 
Tektronix  oscilloscope,  and  were  digitized  and 
stored  on  an  LSI  1 1-0.4  minicomputer.  In  all  experi¬ 
ments.  somatic  fieki  potentials  were  monitorevi  con¬ 
currently  using  eicctroiles  ( I  -  10  \K2)  filled  with  2  M 
NaCI  TiekI  potentials  were  amplified  using  a  high- 
gam  differential  preamplifier.  They  were  cither  pho¬ 
tographed  directly  off  the  oscilloscope  or  vligiti/ed, 
aiul  store'll  on  an  I  SI  1 1 -0,4  minicomputer 

The  effects  ol  1)  TT  on  the  tollowing  clcctrophysio- 
logical  parameters  were  examined;  membrane  po¬ 
tential.  input  resistance,  spike  frequency  ailaptation. 
altcrhvperpolari/ation  (.AMP),  excitatory  postsyii- 
aptic  potentials  (Td’SPs)  anil  inhibitorv  postsynaptic 
potentials  (IPSPs).  Membrane  resistance  was  calcu¬ 
lated  Irom  the  membrane  potential  change  proiluceil 
by  miections  ot  0  2,''  or  0..''0  n/\  hyperpolari/ing  cur¬ 


rent.  To  study  spike  frequency  adaptation,  supra- 
Ihreshold  depolarizing  current  pulses  of  7(K)  ms  dura¬ 
tion  were  applied  via  the  recording  electrode  at  0,05- 
0.1  Hz.  An  AHP  was  elicited  every  10-20  s  by  inject¬ 
ing  a  train  of  4  suprathreshold  depolarizing  current 
pulses  (S  ms  duration.  SO  Hz).  EPSPs  were  evoked  by 
stimulation  ( 10-75  ,hA)  of  the  stratum  radiatum  and 
recurrent  IPSPs  by  stimulation  (25-  1(M)/<A)  of  the  al¬ 
veus.  In  several  experiments  the  CA|  region  was  iso¬ 
lated;  CA,  and  CA,  were  removed  by  cutting  the 
slice  with  a  scalpel  blade.  No  attempt  was  made  to 
verify  histologically  that  all  of  the  CA,  and  CA,  re¬ 
gion  was  removed  in  these  experiments.  The  slice 
w;is  allowed  to  recover  from  the  isolation  procedure 
for  at  least  45  min  before  attempting  to  impale  CA| 
neurons. 

RESlM.rs 

As  previously  reported'”',  field  potential  record¬ 
ings  in  field  CA,  of  hippocampus  revealed  an  in¬ 
crease  in  excitability  following  exposure  to  0.5  mM 
DTT  for  25  min.  Twenty  to  40  min  after  initial  expo¬ 
sure  to  DTT.  the  baseline  ’noise'  level  increased  in 
the  extracellular  recordings  from  stratum  radiatum. 
This  was  followed  by  an  increase  in  the  amplitude  of 
the  orthodromic  population  spike  and  the  emergence 
of  multiple  (.4-7)  peaks  in  the  orthodromic  field  po¬ 
tential  (Fig.  lA).  This  effect  was  sustained  for  the  du¬ 
ration  ( 1-2  h)of  the  experiment. 

The  increased  excitability  produced  by  DTT  was 
further  examined  in  CA,  pyramidal  cells  with  intra¬ 
cellular  recording  techniques.  Prior  to  drug  expo¬ 
sure.  CA|  pyramidal  cells  were  generally  silent; 
spontaneous  action  potentials  were  rare.  Twenty  to 
40  min  following  initial  exposure  to  0.5  mM  DTT. 
spontaneous  activity  was  always  evident  (Fig.  IB). 
This  effect  coincided  with  the  appearance  of  ’noise' 
in  the  extracellular  recording.  In  approximately  bOT 
of  the  cells,  spontaneous  doublets  and  burst  firing  oc¬ 
curred  in  an  irregular  pattern.  Similar  spontaneous 
bursting  activity  was  observed  in  field  potential 
recordings'"'. 

The  intracellular  chtinges  were  accompanied  by  a 
small,  but  statistically  significant  depolarization  of 
the  membrane  potential.  The  mean  (±  S.E.M.)  rest¬ 
ing  potential  of  all  25  cells  before  exposure  to  D'TT 
was-b4.b  +  (l.K  mV.  Sixty  minutes  after  initial  expo- 
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Fie  I  n  rr  .illcrcd  Ihc  nrlhi'ilri'mic  acliviiy  in  CA,  of  (he  hippiKampal  slice.  A:  orthodromic  field  potentials  in  response  to  stimula¬ 
tion  ol  Ihc  stratum  radi.itum  prior  to  and  ht I  min  after  beginning  exposure  to  DTT  (0.5  mM).  DTT  increased  the  amplitude  of  the  initial 
population  spike  and  caused  multiple  spiking.  B:  DTT  induced  spontaneous  action  potential  firing,  increased  synaptic  input  and 
caused  some  membrane  depolari/aiion.  At  the  arrows,  stratum  radialum  was  stimulated.  Action  potentials  were  truncated  by  the 
chart  reennler  (  :  orthodromic  .letion  potentials  recorded  from  ('.A,  pyramidal  cell.  Straight  line  indicates  zero  potential.  1  he  onset  of 
multiple  spiking  in  ihe  orihodroinie  field  potential  coincided  with  the  appearance  of  multiple  firing  recorded  intraccllularly. 


sure  III  D'lT  the  niembr;tne  potential  was  depola- 
ri/eil  to  -ol.b  ±  11.7  mV  (Student  s  /-test  for  paired 
samples./!  =  2.5. /’<  (1(1.5).  DTT  did  not  significantly 
alter  the  input  resistance  of  C'A|  pyramidal  cells.  The 
input  resistiince  in  control  was  41 .7  ±  4.7  MQ  and  fol¬ 
lowing  exposure  to  DTT  was  44.(1  ±  5.(1  MQ  (n  =  12. 
/’ >(1,0.5). 

Increased  excittibility  of  CA,  pyramidal  cells  was 
evident  when  they  were  stimulated  orthodromically. 
In  control.  Ihe  stimulus  applied  to  the  stratum  raditt- 
lum  was  adjusted  to  elicit  an  EPSP  with  a  single  ac¬ 
tion  potential  (Pig.  1C.  Control).  After  exposure  to 
DTI',  the  same  orthodromic  stimulus  evoked  multi¬ 
ple  (.5-7)  action  potentials  (Fig,  1C).  The  onset  of 
multiple  firing  of  pyramidal  cells  in  response  to  or¬ 
thodromic  stimulation  coincided  with  the  appearance 
of  multiple  spiking  in  the  orthodromic  field  potential 
(Fig.  lA.  C).  Even  when  membrane  potential  was 
maintained  at  pre-DTT  levels,  multiple  spikes  were 
elicited  bv  orthodromic  stimulation.  Subthreshold 


EPSPs  were  examined  in  5  cells.  Comparisons  of 
EPSPs  before  and  after  DTT  exposure  were  alwttys 
made  at  the  same  membrane  potential.  The  rate  of 
rise  and  the  amplitude  of  the  early  component  of  the 
EPSP  were  not  significantly  affected  by  DTT  (Fig. 
2A).  The  mean  amplitude  in  control  was  6.2  ±  0.5 
mV  while  after  exposure  to  DTT  was  5.9  ±  0.6  mV 
(/I  =  5.  P  >  0.05).  The  rate  of  rise  of  the  EPSP  was 

1.4  ±  0,2  mV/ms  in  control  and  1.5  ±  0,2  mV/ms  ;if- 
ter  DTT  exposure  (n  =  5.  P  >  0.05).  Similarly,  the 
extracellularly  recorded  population  synaptic  re¬ 
sponse  showed  no  change  in  the  initial  slope^".  DTT 
did.  however,  consistently,  prolong  the  EPSP  (Fig. 
2A).  DTT  increased  the  mean  duration  from  40.5  ± 

4.4  to  91.4  ±  1.5.3  ms  (//  =  4.  P  <  0.05)  measured 
from  the  initial  depolarization  to  the  time  it  returned 
to  the  resting  membrane  potential.  The  shtipe  of  the 
EPSP  depended  on  stimulus  strength.  Stimulation 
with  very  low  currents  could  evoke  only  a  delayed  de¬ 
polarizing  potential  with  no  initial  EPSP.  As  the  stim- 
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FIs’.  2  I)  rr  pnilonucil  the  F.PSP  but  ilid  noi  bUnk  recurrent  inhibition.  A;  EPSPe  recorded  from  aCA,  pyramidal  cell  prior  to  and  AS 
nun  aller  vlarlini:  superlusion  «ilh  b  5  niM  I)  IT  I)  IT  had  little  elfeel  on  the  rale  ol  rice  or  the  amplitude  of  the  EPSP.  The  EPSP  was. 
hiiwe\er.  proloneeil  Hoih  trace'  were  recorded  at  a  membrane  potential  of -bS  mV.  B:  EPSPs  recorded  from  a  pyramidal  cel!  located 
in  the  I'olaied  (  reeion  I  PSP  prior  to  DTI  expo'ure  (control)  and  4.^  min  after  initial  expiwurc  to  DTT.  DTT  was  lesseffeetive  in 
proloneine  the  IT’SP  in  the  I'ol.iied  (  A,  reeion  than  in  the  inlael  slice.  T  races  in  B  were  recorded  at  a  membrane  ptiicniial  of -b.t  mV. 
(  recurrent  I  PSPs  were  elicited  iii  (  pyramidal  cell  by  subthreshold  stimulation  of  the  alveus.  DTT  (0..S  mM)  did  not  bItK'k  the  ear- 
K  (open  arrow  |  or  late  (tilled  .irrow  )  ph.ise  ol  the  I  PSP  I  PSP  was  measured  with  membrane  potential  at  -Ml  mV. 


ulus  sirctitiih  was  incrcMsci.1.  hoth  the  lnitt;il  IT’SP 
ami  Ihd  cicTayed  dcpi'ltirt/iiii:  poicniittl  became  lar¬ 
ger  VVith  further  incretises  in  stimulus  strength,  the 
fT’SP  ami  the  later  depolarizing  potential  merged  to¬ 
gether  to  form  the  prolonged  b.l’SP  ,At  sufficient 
stimulus  strength,  the  longer  latency  depohiri/ing  po- 
tenti;il  reached  threshold,  resulting  in  action  poten¬ 
tial  firing. 

Stimukiiion  of  stratum  ratlititum  might  tmtidromi- 
c;ill\  acti\;ite  (  A.  ('.A-.,  which  could  cause  kite  syn- 
tipiic  iictivation  of  ('.A,  pyr:imid;il  cells,  and  thus  pro¬ 
long  the  hPSP.  To  exttmine  this  possibility,  the  ef¬ 
fects  of  DTT  t>n  the  hPSP  were  extimined  in  slices  in 
which  ('.-Ai  w;is  isolated  by  removal  of  C'A-C'A-.. 
Slices  were  allowed  to  recover  for  ;it  least  4.S  min  be¬ 
fore  iniriicellular  recoriling.  Cells  in  the  isolated  sec¬ 
tions  did  not  show  ;my  signs  of  injury.  Resting  mem¬ 


brane  potential  (-62.4  ±  1.2  mV.  n  -  .T)  and  mem¬ 
brane  resistance  (44.7  ±  5.4  MQ.  n  =  .1)  were  not  sig¬ 
nificantly  different  from  control  values  in  intact 
slices.  In  the  isohited  CA,  regions.  DTT  increased 
the  FPSP  duration  from  49.3  ±  6.6  to  69.6  ±  1 1 .8  ms 
{n  =  3.  /'  <  0.05)  (Fig.  2B).  Two  of  the  3  cells  tested 
showed  a  minimal  increase  in  duration  (40-54.3  ms 
and  40-51 .4  ms).  The  EPSP  of  the  third  cell,  howev¬ 
er.  was  greatly  prolonged  (68-103  ms).  These  results 
contrasted  with  those  of  the  intact  slice  where  the 
EPSP  of  all  5  cells  showed  a  substantial  increase  in 
duration.  The  variability  observed  in  the  isolated  sec¬ 
tions  may  be  due  to  the  degree  of  isolation  of  CA,  ac¬ 
tually  achieved. 

DTT  might  also  increase  excitability  by  decreasing 
recurrent  inhibition.  IPSPs  were  elicited  by  sub¬ 
threshold  stimulation  of  the  alveus.  Despite  the  ap- 
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AHP.  The  effects  of  DlTon  the  AHP  produced  by  a 
train  of  4  action  potentials  were  examined  in  4  cells. 
As  show  n  in  Fig.  4.  DTT  did  not  alter  the  early  or  late 
phase  of  the  AHP.  In  control,  the  late  AHP  was  6.7.^ 
±  1  W)  mV  while  after  exposure  to  DTT.  the  AHP 
was  h  ±  1 .55  m\'  (ii  =  4,  /’  >  (1.(15). 


J.0n,V 
J  00 

(  ii;  '  OI’l  Uccrc.i'cU  ^plk^.■  Iroqucncv  ailapl.iluin  rcainJcd 
(min  ('.A,  p\r,imu!.il  cell.  Spike  Irequencs  .iilapl.ilion  was  ex¬ 
amined  Iw  stimul.itine  a  cell  \snh  depolari/me  current  pulses  of 
'Oo  ins  dui.ilion  Recordines  were  made  prior  to  (Control)  and 
fiO  min  .liter  sl.irtine  I)  I  T  exposure  Memfirane  potential  re¬ 
in. lined  .It  -o.s  in\ 

pe. trance  of  increased  excitability.  DTI  did  not  re- 
cluee  the  timplitude  of  the  early  or  the  late  phase  ol 
the  recurrent  IPSP  (etirly  I  PSP.  control  5.4  ±  0.6 
mV.  DTF  5.2  *  0.5  .tiN’;  l;ite  IPS!’,  control  2.3  ±  0.6 
mV.  DTr2.l  ±  1..I  mV.  ;t  =  3. /’>  0.05)(Fig.  2C). 
The  duration  of  the  IPSP  also  did  not  change  follow¬ 
ing  exposure  to  D'lT  (control.  310.2  =  38.6  ms; 
DTI.  .301.8  ±  60.(1  ms.  (I  =  3.  /'>0.()5). 

A  depolarizing  current  pulse  of  7(K)  ms  duration 
prt'duced  a  train  of  action  potentials  that  decreased 
in  frequency  during  the  step  (Fig.  3).  This  phenome¬ 
non.  spike  frequency  adaptation,  has  been  well  de¬ 
scribed  in  hippocampal  neurons-''.  Spike  frequency 
adaptation  was  examined  prior  tt)  and  after  DTT  ex¬ 
posure  in  4  cells  (Fig.  3).  DTT  decreased  spike  fre¬ 
quency  adaptation  in  all  cells  examined.  DTT  more 
than  doubled  (2.20  ±  0.25  times,  n  =  3)  the  number 
of  action  potentials  elicited  by  700  ms  depolarizing 
step.  The  increased  number  of  action  potentials  did 
not  result  from  a  change  in  the  resting  membrane  po¬ 
tential  or  input  resistance.  There  was  no  obvious 
change  in  the  shape  of  the  evoked  action  potentials. 

Spike  frequency  adaptation  is.  in  part,  due  to  the 
temporal  summation  of  the  calcium-dependent  slow 


DISIT'SSION 

This  study  demonstrates  that  DTT  increases  the 
excitability  of  CA|  pyramidal  cells  in  the  hippocam¬ 
pal  slice.  This  increased  excitability  is  manifested  by 
the  appearance  of  the  following  phenomena  re¬ 
corded  from  CA|  pyramidal  cells:  (1)  spontaneous 
spiking  and  occasional  spontaneous  bursting  activity; 
(2)  abnormal  repetitive  firing  in  response  to  ortho¬ 
dromic  stimulation;  and  (3)  a  reduction  in  spike  fre¬ 
quency  adaptation.  The  appearance  of  these  intra¬ 
cellular  events  coincides  with  the  onset  of  changes  in 
the  orthodromic  field  potential  recordings  reported 
previously'"*. 

A  prolongation  of  the  EPSP  appears  to  be  respon¬ 
sible  for  the  repetitive  firing  elicited  by  orthodromic 
stimulation  following  treatment  with  DTT.  One 
mechanism  that  could  account  for  the  increased 
EPSP  duration  is  the  blockade  of  inhibitory  inputs  to 
the  pyramidal  cells.  The  convulsants  bicuculline  and 
penicillin  prolong  the  EPSP  through  this  action'”*'-''*. 
In  contrast  to  these  agents  DTT  does  not  alter  the  re¬ 
current  IPSP.  Feedforward  inhibition  was  not  tested, 
however,  and  may  be  affected  by  DTT. 

An  alternative  mechanism  for  EPSP  prolongation 
is  inhibition  of  the  reuptake  of  the  excitatory  neuro- 
transmitter.  The  transmitter  released  by  Schaffer 
collaterals  at  the  CA,  pyramidal  cells  is  thought  to  be 
the  excitatory  amino  acid,  glutamate'  Considering 
that  DTT  (0.5  mM)  decreases  y-aminobutyric  acid 
reuptake'".  it  is  feasible  that  through  a  similar  mech- 
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Fig.  4  DTT  did  not  alicr  itie  early  or  the  laic  ph.ase  of  the  AHP  following  4  action  potentials  evoked  by  a  train  of  4suprathreshold  cur¬ 
rent  pulses  (S  ms.  ,sii  ll/t  I  races  were  recorded  prior  to  and  «)  min  following  (he  start  of  D'TT  superfusion. 
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anism.  D  I'I  Limld  impair  the  rcuplakc  of  excitatury 
amimi  acids.  The  multiphasic  shape  of  the  prolonged 
Id’SI’  following  I)  rr  exposure  is  inconsistent  with 
this  possihilit) . 

.\  third  mechanism  for  prolongation  of  the  f  iPSP  is 
ih.ii  1)11  alters  the  interaction  of  the  CA,  and  the 
(  .\-  (A;  siihficlds.  Stimulation  of  the  stratum  radia- 
lum  to  elicit  an  orthodromic  response  in  C'A,  also  an- 
tidromi  'alh  activates  the  (  A  -  C'A;  region.  If  the  ex- 
ciiabilitv  of  this  region  was  elevated  hy  DTI’,  then 
stimulation  of  the  stratum  radiatum  could  result  in  a 
reverberating  circuit  between  (  A,  and  the  C'A;  C'.A-, 
subfiekis.  Thus  a  reactivation  of  C'A,  resulting  from 
the  delavi.'d  firing  of  the  C.-\;  C'A-,  region  would  pro¬ 
long  the  IvPSP'^  '■.  Support  for  this  hypothesis  comes 
from  the  observation  that  DTT  seems  to  be  less  effec¬ 
tive  in  prolonging  the  IvPSP  in  isi'lated  C'A,  regions 
than  in  intact  slices.  In  addition,  it  was  possible  to 
stimulate  the  stratum  radiatum  at  a  sufficiently  low; 
stimulus  strength  to  evoke  a  long  latency  potential  in 
the  absence  of  an  early  PPSP  This  longer  latency  po¬ 
tential  most  likely  represents  activation  of  CA|  re¬ 
sulting  from  the  delayed  firing  of  the  CA;  CAi  region 
in  response  to  the  stimulation  of  the  stratum  radia¬ 
tum. 

D'lT  probablv  does  not  increase  excitability  of 
C‘A|  pyramidal  cells  by  increasing  transmitter  release 
or  by  enhancing  sensitiv  ity  of  the  receptor  mediating 
normal  synaptic  excitation.  If  these  mechanisms 
were  responsible  kir  the  increased  excitability.  DTT 
would  be  expected  to  increase  the  amplitude  and  rate 
of  rise  I'f  the  hPSP.  Instead.  DTT  had  minimal  ef¬ 
fects  on  these  parameters.  Although  the  neurotrans¬ 
mitter  mediating  the  EPSP  produced  by  Schaffer  col¬ 
lateral  stimulation  is  uncertain,  it  is  likely  to  be  gluta¬ 
mate'  To  date,  no  effects  of  DTT  on  the  excitatory- 
ammo  acid  receptors  have  been  reported.  DTT  does 
not  alter  the  response  of  Onchidiunt  esophageal  gan¬ 
glia  to  applied  i -glutamate'v  Other  sulfhydryl 
modifying  reagents  such  as  mercuric  chloride,  n- 
chloromercuribenzoate  and  n-ethylmaleimide  de¬ 
press  rather  than  enhance  glutamate  and  kainate  re¬ 
sponses  recorded  from  pyramidal  neurons  of  the  rat 
hippocampus’’. 

Extracellular  recordings  suggested  that  DTT  in¬ 
creased  excitability  through  both  synaptic  and  extra- 
synaptic  mechanisms^".  .Most  neurons  were  some¬ 
what  depolarized  following  exposure  to  DTT.  Simi¬ 


larly  Terrar’’'  observed  that  a  .5(l-min  exposure  to 
DTT  caused  a  small  depolarization  in  muscle.  Such  a 
mechanism  is  not  likely  to  explain  all  the  actions  of 
D'lT.  however.  The  oxidized  form  of  D'lT  (mn/v-4.5 
dihydroxy- 1 .2  dithiane.  OxD'lT )  was  found  in  extra¬ 
cellular  experiments  to  be  ineffective  in  inducing 
multiple  spiking  in  the  orthodromic  field  potentiaP". 
Preliminary  intracellular  experiments  indicate  that, 
although  OxDTT  causes  a  similar  depolarization 
(.1-8  mV),  it  does  not  induce  burst  firing. 

DTT  decreased  spike  frequency  adaptation.  This 
effect  would  promote  repetitive  firing  since  normal 
mechanisms  to  attenuate  trains  of  actions  potentials 
are  impaired.  The  calcium-dependenr  potassium  cur¬ 
rent  contributes  significantly  to  regulation  of  firing 
frequency  in  hippocampal  pyramidal  cells-'’.  A  de¬ 
crease  in  this  current,  however,  is  unlikely  to  be  the 
mechanism  since  the  AHP  (resulting  from  the  calci¬ 
um-dependent  potassium  current'-'’ is  un¬ 
affected  by  DTT. 

In  conclusion.  DTT  increases  the  excitability  of  the 
hippocampus  in  vitro.  This  effect  probably  results 
from  DTT-induced  reduction  of  disulfide  bonds  since 
the  reduced  form.  OxDTT.  does  not  cause  similar 
hyperexcitability.  DTT  is  known  to  interact  with  a 
number  of  neurotransmitter  systems  which  are  pres¬ 
ent  in  the  hippocampus.  Although  stimulation  of 
stratum  radiatum  predominantly  activates  the  Schaf¬ 
fer  collaterals  and  therefore  an  excitatory  amino  acid 
pathway,  other  inputs  and  other  transmitter  systems 
are  likely  to  be  activated.  It  is  not  unlikely  that  altera¬ 
tion  of  these  systems  would  contribute  to  the  dysfunc¬ 
tion  of  the  hippocampus  following  DTT  exposure. 
The  abnormal  activity  produced  by  DTT  in  neural 
tissue  would  limit  its  usefulness  as  a  radioprotectant. 
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Endotoxiii,  the  lipopolyMccharidc  (LPS)  derived  (hm  gnun-ocgallve  bacteria,  invokes  a  wide  range  of 
responses  in  susceptible  hosts.  It  b  known  that  virtually  all  responses  to  LPS  arc  mediated  by  the  action  of 
macrophage^erived  cytokines  (such  as  iatcrieukin-l  (IL-1),  tumor  nccrosb  factor  [TNF],  and  others)  which 
arc  produced  princip^y  by  macrophages  and  masimaily  within  several  houn  of  LPS  administration.  One 
manifestatiott  of  LPS  administratioa  which  b  not  well  understood  b  the  phenomenon  of  “early  endotoxin 
tolerance.”  In  response  to  a  single  sublethal  iqjection  of  LPS,  experimental  animab  become  refractory  to 
challenge  with  a  homologous  or  heterologous  LPS  preparation  3  to  4  days  later.  Animab  rendered  tobrant 
exhibit  mitigated  toxicity  and  a  reduced  capacity  to  produce  circubting  cytokines  (I.e.,  colony-stimubting 
factor  or  interferon)  in  response  to  the  chaUenge  LPS  injection.  Previous  studies  have  also  shown  that  thb  state 
of  transient,  acquired  hyporesponsiveness  to  LPS  b  accompanied  by  a  marked  increase  in  the  size  of  ceib  in 
the  bone  r:-<rraw  which  are  enriched  in  numbers  of  macrophage  progenitors.  In  thb  study,  we  examined  the 
capacity  ot  recombinant  IL*t  or  recombinant  TNF  or  both  to  induce  eariy  endotoxin  toterance  and  tb 
— hematopoietic  changes.  Neither  cytokine  alone  was  abb  to  mimk  for  induction  of  tolerance. 
Combined  adminbtration  of  recombinant  IL>1  and  recombinant  TNF  doses  which  were  not  toxic  when 
administered  individually  bd  to  synergistic  toxidty  (as  assemrii  by  death  or  weight  bas).  However,  within  a 
nontoxb  range,  the  two  cytokines  synergized  to  induce  a  signitont  reduction  in  tbs  capacity  to  produce 
colooy-stimulatiing  factor  in  response  to  LK,  as  well  as  the  characteristic  increase  la  boos  marrow  ceil  size  and 
macrophage  progenitors  shown  previously  to  he  assoebted  with  LPS-induced  tobrance. 


Endotoxin,  the  lipopolysaccharide  (LPS)  component  of 
gram-negative  bacterial  outer  membranes,  induces  in  vivo 
many  of  the  pathophysiolo^c  changes  associated  with  sys¬ 
temic  gram-negative  bacterial  infection  (reviewed  by  S.  N. 
Vogel  and  M.  M.  Hogan,  in  J.  J.  Oppenheim  and  E.  Sher- 
ach.  ed.,  Immunophysiology:  Role  of  Cells  and  Cytokines  in 
Immunity  and  Inflammation,  in  press).  Among  these  are 
fever,  hypoglycemia,  hypotension,  shock,  and  even  death. 
Several  lines  of  evidence  support  the  hypothesis  that  the 
macrophage  is  the  principal  cellular  mediator  of  endotoxicity 
and.  more  specihcatly,  that  LPS-induced.  macrophage-de¬ 
rived  soluble  factors  are  the  direct  mediators  of  endotoxk 
phenomena.  First,  LPS-stimulated  macrophages  produce  in 
vitro  many  of  the  same  soluble  factors  which  circubte  in  the 
serum  following  in  vivo  administration  of  LPS.  These  in¬ 
clude  interleukin-1  (IL-1),  tumor  necrosis  factor  (TNF;  also 
referred  to  as  cachectin),  interferon,  colony-stimulating  fac¬ 
tor  (CSF),  and  prostaglandins  of  the  E  series.  When  purified 
and  injected  into  experimental  animals  in  the  absence  of 
LPS,  many  of  these  soluble  factors  have  been  shown  to 
induce  one  or  more  of  the  effects  of  in  vivo  LPS  treatment. 
Agents  which  increase  macrophage  activation  greatly  in¬ 
crease  endotoxin  sensitivity  in  vivo,  even  in  the  genetically 
LPS-hyporesponsive  C3H/HeJ  mouse  strain  (23,  27).  In¬ 
creased  sensitivity  to  LPS  correlates  well  with  quantifiable 
increases  in  levels  of  circulating  LPS-induced  factors  (S,  13. 
24,  27,  32).  In  studies  in  which  antisera  against  specific 
cytokines  have  been  administered  prior  to  or  simultaneously 
with  LPS,  many  of  its  biologic  effects  have  been  mitigated. 
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For  instance,  anti-IL-l  serum  has  been  shown  to  block 
LPS-induced  fever  (8).  Similarly,  injection  of  anti-TNF 
antibodies  afforded  significant  protection  against  lethal  chal¬ 
lenge  with  LPS  (4).  Lastly,  in  mouse  strains  that  bear  the 
defective  allele  for  LPS  responsiveness.  Lps^,  protein-free 
preparations  of  LPS  fail  to  elicit  the  production  of  macro¬ 
phage-derived  factors,  either  in  vivo  or  in  vitro  (reviewed  by 
Vogel  and  Hogan  [in  press)). 

A  single  injection  of  LPS  results  in  the  appearance  of  a 
temporal  hbrarchy  of  factors  within  the  serum  (reviewed  by 
Vogel  and  Hogan  [in  press]).  The  first  group  of  cytokines 
(i.e.,  IL-1,  TNF,  and  interferon)  appears  maximally  within  2 
h  of  injection,  and  they  have  bMn  referred  to  as  “eariy 
acute-phase  reactants.”  By  4  to 8  h  postinjection,  circulating 
levels  of  these  factors  are  greatly  decrea^.  Production  of 
granulocyte-macrophage  CSF  activity  is  somewhat  delayed, 
with  peak  activity  occurring  at  4  to  6  h  following  LPS  and 
declining  to  basal  levels  by  24  h.  A  third  group  of  soluble 
factors  which  appears  maximally  in  the  serum  18  to  24  h 
postinjection  lias  been  collectively  referred  to  as  “late 
acute-phase  reactants”  and  includes  C-reactive  protein, 
serum  amyloid  A.  fibrinogen,  and  others.  This  last  group  of 
factors  is  produced  primarily  by  hepatocytes  and  is  induced 
by  the  action  of  eariy  acute-phase  reactants  on  these  cells. 

For  many  years,  it  has  been  recogruzed  that  initial  suble¬ 
thal  exposure  to  LPS  renders  experimental  animals  refrac¬ 
tory  to  a  subsequent  challenge  with  homologous  or  heterol¬ 
ogous  LPS  several  days  later.  This  effect  was  referred  to  as 
“eariy-phase  endotoxin  tolerance”  (reviewed  in  reference 
9).  Until  recently,  very  little  was  known  about  the  mecha¬ 
nisms  which  underlie  this  phenomenon.  Eariy  studies  dem- 
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onstrated  that  macrophages  derived  from  mice  which  had 
received  a  tolerance-inducing  injection  of  LPS  failed  to 
respond  to  subsequent  LPS  challenge  in  vitro  to  produce 
endogenous  pyrogen  or  prostaglandins  (7,  21).  In  this  sense, 
macrophages  from  mice  rendered  tolerant  are  phenotypi- 
caily  similar  to  macrophages  rendered  refractory  to  LPS  by 
pharmacological  means  (e  g.,  by  treatment  with  glucocorti¬ 
coids;  3.  28).  Williams  et  al.  (31)  demonstrated  that  a  splenic 
adherent  cell  population  was  necessary  for  abrogation  of 
early-phase  endotoxin  tolerance  in  transfer  experiments, 
supporting  the  cellular  nature  of  this  phenomenon.  In  studies 
performed  in  this  laboratory,  it  was  demonstrated  that 
early-phase  endotoxin  tolerance  is  associated  with  alter¬ 
ations  in  bone  marrow-derived  macrophage  precursor  pools 
(10.  11).  Specifically,  cell-sizing  profiles  of  bone  marrow 
cells  from  mice  rendered  tolerant  showed  enrichment  for  a 
population  of  cells  significantly  larger  than  control  bone 
marrow  populations,  and  by  density  gradient  sedimentation 
it  was  shown  that  the  denser  population  of  cells  contained 
increased  numbers  of  macrophage  progenitors.  The  induc¬ 
tion.  maintenance,  and  loss  of  these  hematopoietic  changes 
coincided  temporally  with  the  acquisition,  maintenance,  and 
loss  of  the  tolerant  state.  These  changes  were  observed  in  a 
variety  of  outbred  and  inbred  mouse  strains,  including  those 
with  defects  or  deficiencies  within  certain  lymphoid  cell 
subsets.  For  example,  early-phase  endotoxin  tolerance,  as 
well  as  the  associated  hematopoietic  changes,  were  ob¬ 
served  in  athymic  (nude).  B-cell-deficient  ixid),  and  splenec- 
tomized  mice  (12).  As  an  additional  control.  LPS-hypore- 
sponsive  C3H/HeJ  mice  did  not  exhibit  any  of  the 
hematopoietic  alterations  observed  in  fully  LPS-responsive 
mice  rendered  tolerant  by  injection  of  LPS  (11). 

In  this  study,  we  tested  the  possibility  that  cytokines 
which  are  normally  produced  in  response  to  a  tolerance- 
inducing  dose  of  LPS  may  mediate  the  induction  of  early 
endotoxin  tolerance  or  the  accompanying  hematopoietic 
alterations  or  both.  Our  findings  indicate  that  combined 
treatment  of  mice  with  recombinant  IL-la  (rIL-1)  and 
recombinant  TNFa  (rTNF)  induces  a  significant,  synergistic 
level  of  toxicity,  but  at  sublethal-dose  ranges  they  induce  a 
significant  degree  of  endotoxin  tolerance,  as  well  as  changes 
in  bone  marrow  cell-sizing  profiles  and  enrichment  for 
macrophage  progenitors  previously  associated  with  the  tol¬ 
erant  state. 

MATERIALS  AND  METHODS 

.Mice.  Female  C57BL/6J  mice  5  to  6  weeks  old  were 
purchased  from  Jackson  Laboratory  (Bar  Harbor.  Maine) 
and  used  within  2  weeks  of  their  receipt.  Mice  were  allowed 
access  to  food  and  acid  water  ad  libitum. 

Reagents.  Protein-free  LPS  was  prepared  '^rom  Esche¬ 
richia  coli  K23S  by  the  phenol-water  extraction  method  of 
.Meintire  et  al.  (14).  Human  rIL-la  (lot  SM39)  was  the 
generous  gift  of  Hoffmann-LaRoche  Inc.  (Nutley.  N.J.)  and 
possessed  a  specific  activity  of  5  x  10*  U/mg.  The  activity  of 
this  material  was  verified  frequently  in  a  standard  thymocyte 
comitogenic  assay  (25)  throughout  the  course  of  this  study. 
The  concentration  of  contaminating  LPS  in  this  rIL-1  prep¬ 
aration  was  1.5  ng/1.3  x  10*  (J.  Human  rTNFo  (lots  NP102 
and  NP200B)  was  the  generous  gift  of  Cetus  Corporation 
(Emeryville,  Calif.)  and  possessed  a  specific  activity  of 
approximately  2  x  10^  U/mg.  The  activity  of  the  rTNF  was 
also  verified  in  a  standard  actinomycin  0-treated  L929 
fibroblast  cytotoxicity  assay  (29).  The  concentration  of  LPS 
m  the  rTNF  preparations  was  <0.03  ng/0.3  mg.  All  reagents 
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were  maintained  at  -20*C,  either  in  lyophilized  form  or  as 
intermediate  stocks  at  high  protein  concentrations,  before 
dilution  in  pyrogen-free  saline  Just  before  injection. 

Mcasurcincnt  of  CSF  activity  in  scnin.  Serum  was  tested 
for  CSF  activity  in  a  bone  marrow  colony  assay  in  semisolid 
agar  as  described  previously  (11).  Briefly,  serum  was  ob¬ 
tained  from  pooled  blood  collected  from  mice  injected  (as 
indicated)  with  saline,  rlL-l.  rTNF,  or  LPS.  Serial  dilutions 
of  serum  were  made  in  six-well  tissue  culture  plates  (Costar, 
Cambridge.  Mass.).  Bone  marrow  cells  were  obtained  from 
the  femurs  and  tibias  of  C3H/HeJ  mice  and  processed  by 
density  gradient  centrifugation  in  lymphocyte  separation 
medium  (Litton  Bionetics.  Kensington,  Md.).  The  cells  were 
then  collected  from  the  gradient  interface  and  diluted  to  a 
final  concentration  of  10^  cells  per  ml  in  a  mixture  of  tissue 
culture  medium  and  molten  agar.  One  milliliter  of  the  ceil 
suspension  was  added  to  each  of  the  wells,  which  contained 
0.2  ml  of  the  serum  dilution.  The  wells  were  mixed  by 
swirling  and  allowed  to  solidify.  Cultures  were  incubated  at 
37®C  {6%  COj)  for  7  days,  at  which  time  bone  marrow 
colonies  (^25  cells)  were  enumerated  with  an  inverted 
microscope. 

DetcrmliialiiM  of  the  number  of  macrophage  progenitor 
cells  la  bone  marrow.  The  number  of  macrophage  progenitor 
cells  was  determined  as  described  elsewhere  (11).  Briefly, 
mice  from  each  experimental  group  were  sacrificed,  and  the 
bone  marrow  cells  were  obtained  from  the  femurs  and  tibias 
by  flushing  with  seram-free  medium.  The  bone  marrow  cells 
were  centrifugal  and  suspended  in  tissue  culture  medium. 
Cell  counts  and  cell-sizing  profiles  were  obtained  with  a 
model  ZM  Coulter  Counter  and  a  CIOOO  Channelyzer 
(Coulter  Electronics,  Inc.,  Hialeah.  Fla.)  calibrated  as  di¬ 
rected  by  the  manufacturer. 

To  determine  the  number  of  macrophage  progenitors,  a 
double-layer,  semisolid  agar  colony  assay  was  used  as 
described  previously  (11).  An  excess  of  partially  purified 
murine  macrophage  CSF  (CSF-1)  was  incorporated  into  the 
bottom  layer  of  the  assay  system.  Bone  marrow  cells  (5  x 
10*  or  1  X  lo’)  were  then  suspended  in  a  molten  agar  medium 
mixture  and  overlaid  onto  the  CSF-l-containing  layer.  Col¬ 
onies  (250  cells)  were  enumerated  after  10  days  in  culture, 
and  the  numbo’  of  progenitors  per  lO’  input  bone  marrow 
cells  was  calculated. 

Injccdoa  ichrdule  for  Inducthm  of  early  eadotoxia  toler¬ 
ance.  The  protocol  for  induction  of  early  endotoxin  tolerance 
was  identical  to  that  used  in  previous  studies  (10-12,  31). 
Briefly,  mice  were  injected  intraperitoneally  with  25  fig  of  E. 
coli  K235  LPS  in  a  volume  of  0.5  ml  on  day  0.  Three  days 
later,  mice  were  challenged  with  25  fig  of  LPS  and  bled  6  h 
later  for  measurement  of  CSF  in  serum.  Controls  included 
mice  injected  on  days  0  and  3  with  pyrogen-free  saline  and 
mice  injected  on  day  0  with  saline  and  on  day  3  with  LPS. 
Mice  which  receiv^  rIL-1  or  rTNF  or  both  were  also 
injected  on  day  0  with  the  indicated  concentrations  of 
cytokines  but  challenged  on  day  3  with  saline  or  LPS. 

RESULTS 

Toddty  of  rIL-1  aad  rTNF  when  administered  Individually 
or  in  combiaation.  In  our  previous  studies,  an  early-phase 
endotoxin  tolerance  system  was  established  in  which  injec¬ 
tion  of  25  to  50  fig  of  LPS  (approximately  0.05  to  0.1  50% 
lethal  dose)  was  shown  to  render  mice  significantly  less 
responsive  to  an  LPS  challenge  3  to  4  days  later.  Since  LPS 
has  been  shown  to  induce  both  IL-1  and  TNF  concurrently, 
and  since  both  cytokines  have  been  shown  to  mimic  LPS 
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FIG.  1.  Toxicity  in  response  to  injection  with  rlL-l  or  rTNF  or  both.  Mice  were  injected  iotraperitonealiy  with  0.5  mj  of  the  indicated 
doses  of  rTNF  (x  axis)  or  rIL-1  (bar  graph  legends)  or  both,  and  the  percentage  of  deaths  (y  axis)  was  scored  over  a  3-day  period.  Each  point 
represents  the  total  percentage  of  deaths  observed  for  a  given  combination.  Each  combination  was  tested  in  1  to  10  independent  experiments 
in  which  six  mice  (average)  per  treatment  per  experiment  were  injected. 


when  administered  in  vivo  (reviewed  in  reference  6  and  by 
Vogel  and  Hogan  [in  press]),  we  sought  to  test  the  hypoth¬ 
esis  that  rIL-1  or  rTNF  or  both  could  mediate  induction  of 
early  endotoxin  tolerance.  Previous  studies  demonstrated 
that  injection  of  high  doses  of  either  rlL-1  or  rTNF  resulted 
in  production  of  levels  of  CSF  comparable  to  those  induced 
by  25  )ig  of  LPS,  i.e.,  the  dose  used  for  induction  of  early 
endotoxin  tolerance  (11).  Therefore,  the  doses  of  rIL-1  and 
rTNF  chosen  for  preliminary  studies  bracketed  (hose  used 
previously.  Figure  1  illustrates  the  toxicity  of  these  two 
cytokines  over  a  very  broad  dose  range  when  administered 
individually  or  in  combination.  The  dose  of  rTNF  injected  is 
shown  along  the  x  axis,  and  the  dose  of  rIL-1  injected  is 
indicated  by  (he  bar  graph  legends.  The  percentage  of  deaths 
is  plotted  on  the  y  axis.  Injection  of  high  doses  of  rTNF  (up 
to  2  X  10^  U  per  mouse;  10  p^)  alone  occasionally  resulted 
in  deaths  (maximal  toxicity  never  exceeded  3%).  Injection  of 
rIL-1  alone  (up  to  15,000  U  per  mouse;  -3  pg)  was  never 
lethal  for  mice.  However,  when  a7.3  pg  of  rTNF  was 
injected  in  combination  with  increasing  doses  of  rIL-1, 
deaths  (up  to  100%)  were  observed  in  a  dose-dependent 
fashion.  In  10  separate  experiments,  25  pg  of  LPS  led  to 
deaths  in  only  3. 1%  of  the  mice,  consistent  with  our  previous 
estimates  of  the  50%  lethal  dose  for  (his  particular  endotoxin 
preparation  (11,  26).  On  the  basis  of  a  recent  report  by 
Rothstein  and  Schreiber  (22)  which  showed  that  rTNF 
synergized  with  LPS  to  induce  deaths,  we  calculated  the 
concentrations  of  contaminating  LPS  injected  along  with 
each  cytokine.  For  the  maximum  dose  of  rTNF  injected 
(i.e.,  10  pg),  <0.001  ng  of  LPS  was  injected.  For  the 
maximum  dose  of  rlL-l  injected  (i.e.,  15,000  U),  0.017  ng  of 
LPS  was  injected.  Thus,  even  with  the  largest  dose  combi¬ 
nation  (i.e.,  10  pg  of  rTNF  and  15,000  U  of  rIL-1),  only  0.018 
ng  of  LPS  was  injected.  This  amount  of  LPS  is  >1.000-fold 
less  than  that  required  by  Rothstein  and  Schreiber  to  induce 
a  minimal  level  of  synergy  (resulting  in  death)  with  10  pg  of 


rTNF.  Thus,  our  data  suggest  the  possibility  that  the  two 
cytokines,  rIL-1  and  rTNF,  might  synergize  to  mediate 
toxicity  similar  to  that  observed  following  administration  of 
high  doses  of  LPS.  These  dau  also  defined  the  experimental 
limits  for  subsequent  experiments  with  respect  to  the  range 
of  usable  cytokine  dosage  combinations;  i.e.,  a  range  of  500 
to  2,000  U  of  rIL-1  per  mouse  could  be  used  in  combination 
with  5  or  7.5  pg  of  rTNF  to  achieve  lethality  consistently 
below  10%. 

Another  toxic  manifestation  associated  with  injection  of 
LPS  is  induction  of  weight  loss,  which  is  maximal  at  48  to  72 
h  postiqjection  (27).  In  addition  to  the  lethality  observed  in 
response  to  combinations  of  rlL-l  and  rTNF  (Fig.  1),  weight 
loss  was  measured  3  days  alter  injection  of  sublethal  doses  of 
rIL-1  aixl  rTNF  administered  alone  or  in  combination.  At  3 
days  alter  injection,  1,(XX)  or  2,(XX)  U  of  rlL-1  resulted  in 
s4.1%  weight  loss,  and  injection  of  rTNF  (5  or  7.5  pg)' 
resulted  in  s6.9%  weight  loss  when  compared  with  saline- 
injected  controls  (Fig.  2).  However,  in  combination,  rIL-1 
plus  rTNF  synergized  to  induce  weight  josses  in  mice  which 
ranged  from  17.2  to  27.3%,  similar  to  or  exceeding  that 
induced  by  a  tolerance-inducing  dose  (25  pg)  of  LPS  (18.6  ^ 
2.1%). 

Effect  of  admlnWradoG  of  rlL-l  or  rTNF  or  both  on  day  0 
oa  ability  to  respond  to  LPS  oo  day  3.  In  early  endotoxin 
tolerance  models  established  previously  in  severzl  laborato¬ 
ries  (11,  31),  25  pg  of  LPS  was  found  to  induce  a  state  of 
tolerance  to  sub^uent  irtjection  with  LPS  3  days  later,  as 
assessed  by  the  decreased  capacity  to  produce  CSF  6  h  alter 
endotoxin  challenge.  Since  a  single  nonlethal  injection  of 
LPS  has  been  shown  to  induce  both  IL-1  and  TNF  shortly 
alter  administration,  the  capacity  of  these  two  cytokines  to 
induce  a  state  of  early  endotoxin  tolerance  was  tested. 
Figure  3  illustrates  the  capacity  of  mice  injected  on  day  0  to 
respond  to  LPS  on  day  3  by  producing  CSF.  As  reported 
previously,  the  ability  of  mice  treated  on  day  0  with  LPS 
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FIG.  2.  Weighi  loss  in  response  to  injeciion  with  nonleihal  doses 
of  rlL-1  or  rTNF  or  boih  Mice  were  injecied  wuh  saline.  LPS  (25 
wgl.  or  the  indicated  doses  of  rlL-1  or  rTNF  or  both.  .Mice  were 
weighed  }  days  after  injection,  and  the  percent  weight  loss  was 
c.  Iculated  on  the  basis  of  the  mean  weight  of  saline-mjected  mice 
1 17  2  ::  3  g).  The  data  represent  the  arithmetic  means  -  the  standard 
errors  of  the  means  of  four  separate  expenments  in  which  four  to 
nine  mice  were  injected  per  treatment  group  per  expenment. 


(treatment  group  Bl  to  respond  to  LPS  again  on  day  3  was 
<21/^  of  the  response  of  control  mice  (i.e..  those  which 
received  saline  on  day  0;  treatment  group  A).  When  mice 
were  injected  on  day  0  with  either  rIL-1  or  rTNF  (treatment 
groups  C  to  G),  the  ability  to  respond  to  LPS  3  days  later  was 
comparable  to  that  of  saline-pretreated  mice.  However, 
when  mice  were  injected  on  day  0  with  rIL-1  and  rTNF  in 
combination  (treatment  groups  H  to  M).  dose-dependent 
inhibition  of  LPS  responsiveness  on  day  3  was  observed.  In 
addition,  e.xperiments  in  which  doses  as  high  as  either  IS.OOO 
L  of  rlL-1  or  10  jxg  of  rTNF  were  administered  on  day  0  led 
to  no  significant  alteration  in  the  ability  to  respond  to  LPS  on 
day  3  (data  not  shown  I.  These  data  indicate  that  in  combined 
treatment  of  mice  with  rlL-1  and  rTNF  the  two  compounds 
>ynergize  to  mimic  the  tolerance-inducing  effects  of  a  sub- 
lethal  dose  of  LPS. 

Effect  of  administration  of  rlL-l  or  rTNF  or  both  on  day  0 
un  bone  marrow  cell-sizing  profiles  and  the  number  of  mac¬ 
rophage  progenitors  on  day  3.  In  previous  studies.  Madonna 
and  co-workers  1 10-12)  demonstrated  that  administration  of 
a  tolerance-inducing  dose  of  LPS  on  day  0  led  to  a  charac- 
tenstic  alteration  in  the  cell-sizing  profiles  of  bone  marrow 
cells  on  day  3;  i.e..  there  was  ennchment  for  a  population  of 
larger  mononuclear  cells.  Density  gradient  sedimentation 
studies  showed  that  this  larger  population  of  cells  contained 
increased  numbers  of  progenitors  which  could  respond  to 
CSF-1  to  form  colonies  in  soft  agar  (11).  Figure  4  shows  a 
histogram  analysis  of  the  day  3  cell-sizing  profiles  of  bone 
marrow  cells  derived  from  mice  injected  on  day  0  with 
saline.  LPS.  rlL-1.  rTNF.  or  rIL-l  plus  rTNF.  Figure  4A 
confirms  the  results  of  previous  studies.  When  compared 
with  saline  injection  of  controls,  injection  of  a  tolerance- 
inducing  dose  of  LPS  on  day  0  resulted  in  a  marked  shift  in 
the  cell-sizing  profiles  to  a  population  of  larger  cells,  injec¬ 
tion  of  either  rlL-1  or  rTNF  resulted  in  a  slight  increase  in 
the  size  of  bone  marrow  cells  (Fig.  4B;  note  the  slight 
decrease  in  the  proponion  of  cells  in  the  6.3-  to  8.6-M.m- 
diameter  range  and  the  compensatory  increases  within  in  the 
8.7-  to  11.4-  and  11.3  to  14-u.m-diameter  ranges  in  mice 


treated  with  either  rIL-1  or  rTNF).  These  findings  confirm 
and  extend  the  results  of  a  previous  study  in  which  rIL-1  was 
shown  to  increase  bone  marrow  cell-sizing  profiles  (19). 
However,  this  IL-l-induced  increase  in  population  cell  size 
fails  to  approach  the  magnitude  of  that  observed  in  mice 
which  received  LPS  on  day  0  (Fig.  4A).  Figures  4C  and  D 
show  the  effects  of  combined  rIL-1  and  rTNF  treatment  (on 
day  0)  on  the  day  3  cell-sizing  profiles.  As  observed  after 
treatment  with  the  tolerance-inducing  dose  of  LPS  (Fig.  4A). 
combined  treatment  with  the  two  cytokines  led  to  a  marked 
shift  in  the  cell-sizing  profiles  to  a  population  enriched  for 
significantly  larger  cells.  In  mice  treated  with  both  cyto¬ 
kines.  there  was  enrichment  for  progenitor  cells  which 
respond  to  CSF-1  to  form  colonies  in  soft  agar  (Table  1). 
Thus,  treatment  of  mice  with  both  rlL-l  and  rTNF  resulted 
in  the  hematopoietic  alterations  previously  reponed  to  ac¬ 
company  a  state  of  early  endotoxin  tolerance  induced  by 
LPS  (11). 


DISCUSSION 

For  many  years,  it  has  been  recognized  that  the  physio¬ 
logical  changes  that  occur  in  experimental  animals  in  re¬ 
sponse  to  gram-negative  LPS  are  mediated  principally  by 
soluble  factors  produced  by  macrophages  (reviewed  by 
Vogel  and  Hogan  [in  press]).  Perhaps  (he  most  convincing 
evidence  for  the  participation  of  a  particular  cytokine  in  an 
LPS-induced  response  is  demonstration  of  inhibition  of  a 
particular  response  by  administration  of  anti-cytokine  anti¬ 
bodies.  To  this  end.  the  participation  of  IL-1  and  TNF  in 
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FIG.  3.  Effect  of  injection  of  rlL-l  or  rTNF  or  both  on  subse¬ 
quent  LPS  responsiveness.  Mice  (four  to  seven  mice  per  treatment 
group  per  experiment)  were  injected  on  day  0  with  saline.  LPS  (25 
fLg).  or  the  indicated  doses  of  rlL-l  or  rTNF  or  both.  On  day  3.  mice 
were  challenged  with  25  ^  of  LPS  and  bled  6  h  later.  The  pooled 
sera  were  subsequently  tested  for  CSF  activity  (as  described  above). 
The  data  are  expressed  as  percentages  of  the  control  (saline  on  day 
0.  LPS  on  day  3).  The  mean  CSF  activity  of  serum  pools  from  mice 
which  received  saline  on  day  0  and  LPS  on  day  3  was  6.237  ±  1 .301 
CFU/ml  (five  stpar^'e  experiments).  The  results  represent  the 
arithmetic  means  ^  the  standard  errors  of  the  mean^  for  three  to  five 
separate  experiments  per  treatment  group. 


:654  VOGEL  ET  AL. 


Infeit  Immls 


u 

o 

2 


■  tL1  SOOU 

□  iLt  1000  U 

□  iLt  2000  U 
Q  TNfSwg 

■  TN^rSgO 


CELL  DIAMETER  (u) 


CELL  DIAMETER  (u) 


■  laiin* 

■  •(.  1  SOOUTNf 
Q  ittiOOOU'TNr 
G  IL  t  2000  UTN# 


o 

% 

2 

Mi 

u 


■  tann* 

■  <L  1  SOOUTNF 

□  iL  1  tOOO  U 

□  IL  I  2000  U 


CEIL  OlAMrrER  (Ml  CELL  0I*»«TER  (u) 

FIG.  4,  Effect  of  rIL-I  or  rTNF  or  both  on  cell-sizing  profiles  of  bone  marrow  cells.  Mice  (two  to  three  mice  per  treatment  group  pt.- 
expenmenti  were  injected  on  day  0  with  saline.  LPS  (23  wg).  or  the  indicated  doses  of  rlL-1  or  r'fNF  or  both.  On  day  3,  the  bone  marrow 
cells  were  obtained  from  the  femurs  and  subjected  to  cell-sizing  analysis  with  a  Coulter  Channelyzer  as  described  in  the  text.  Approximately 
10. (XX)  cells  per  treatment  were  analyzed  for  cell  size  in  each  experiment.  The  results  represent  the  arithmetic  means  ±  the  standard  errors 
of  the  means  from  three  to  seven  separate  experiments  per  treatment  group.  Panels;  A,  cell-sizing  profiles  from  mice  injected  with  saline 
versus  LPS;  B.  saline  versus  various  doses  of  either  rlL-1  or  rTNF;  C,  saline  versus  various  doses  of  rlL-l  in  combination  with  3  ugof  rTNF; 
D.  saline  versus  various  doses  of  rIL-l  in  combination  with  7.3  ug  of  rTNF. 


LPS-mediated  responses  (e.g.,  fever  and  lethality)  has  been 
firmly  established  (4.  8).  However,  the  availability  of  re¬ 
agents  such  as  anti-murine  IL-1  and  anti-murine  TNF  anti¬ 
bodies  has  been  markedly  limited,  particularly  for  use  in  in 
vivo  studies.  It  is  also  important  to  recognize  that  this 
experimental  approach,  although  definitive  for  the  participa¬ 
tion  of  a  particular  factor,  cannot  preclude  the  possibility 
(hat  the  factor  under  study  acts  in  combination  with  other 
coordinately  induced  mediators. 

.Another  major  approach  which  has  been  taken  to  assess 
the  contribution  of  specific  soluble  factors  in  the  mediation 
of  LPS-induced  effects  is  to  test  specific  cytokines  for  their 
capacity  to  mimic  LPS-induced  responses.  The  recent  avail¬ 
ability  of  purified  recombinant  cytokines,  such  as  rIL-1  ^.nd 
rTNF.  has  allowed  for  such  an  assessment  without  the 


earlier  concerns  which  plagued  studies  in  which  nature) 
cytokines  were  tested  (i.e..  the  quantity  of  cytokine  required 
for  in  vivo  studies,  as  well  as  the  persistent  possibility  that 
contaminating  cytokines  in  the  purified  natural  preparations 
actually  induced  the  observed  effect  or  in  some  way  modified 
the  response  to  the  cytokine  under  question).  Most  recent 
studies  using  cloned  reagents  have  focused  on  the  admir'*- 
tration  of  a  single  cytokine  to  induce  a  particular  effec  . 
vivo.  In  this  regard,  a  plethora  of  information  has  come  foi  th 
which  indicates  that,  in  vivo,  both  rlL-l  and  rTNF  induce 
many  of  the  same  LPS-like  manifestations  (reviewed  in 
reference  6  and  by  Vogel  and  Hogan  [in  press)),  even  though 
these  two  factors  bear  no  structural  homology  and  bind  to 
distinct  receptors  (2).  For  instance,  both  IL-1  and  TNF  have 
been  shown  to  induce  fever  independently,  via  production  of 
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TABLE  1.  Effect  of  rlL-l  or  rTNF  or  both  on  the  numbers  of 
CSF-l-rejponsive  progenitors  in  bone  marrow' 

Meant:  SEM!  no.  ofCSF-l 


Treaimcnt  (unt)  progcnilorv  1(P  bone  marrow 

cells  if  valuei* 

Saline .  47  :  L3 

rIL-1  ll.OOO  U) .  37  :  10.8  (0.334> 

rTNFlSng) .  52  :  7.8(0.754) 

rTNF  (7.5  u-g) .  67:3.5(0.010) 

rIL  l  (1.000  U)-rTNF(5  ixg) .  89  :  5  (0.002) 

rlL-1  (1.000  UWTNF  (7.5  ^g) .  121  :  1.9  (0) 


'  Bone  marrow  cells  were  derived  on  day  3  from  mice  (two  (o  ihree  mice  per 
treaimeni  group  per  expenmenil  which  had  received  saline  or  (he  indicated 
dose  of  rlL-l  or  rTNF  or  (soth  on  day  0.  The  results  are  expressed  as  the 
number  of  CSF-l  responsive  progenitors  per  lO*  bone  marrow  cells  The 
results  represent  three  separate  expenments. 

"  .4n  unpaired,  two-iailed  Student  r  test  was  used. 


prostaglandins  (8).  In  this  regard,  they  are  both  classical 
"endogenous  pyrogens."  In  addition,  at  high  doses.  rTNF 
was  shown  to  induce  IL-1  in  vivo  (8).  This  particular 
example  provides  a  good  illustration  of  both  cytokine  redun¬ 
dancy  (in  the  sense  that  two  distinct  cytokines  can  induce 
the  same  biological  effect)  and  the  potential  for  an  inductive 
cascade  which,  in  turn,  could  prolong  a  given  manifestation 
in  vivo.  Injection  of  either  rlL-1  or  rTNF  has  been  demon¬ 
strated  in  vivo  to  induce  many  of  the  same  physiologic 
alterations  seen  in  response  to  LPS  in  addition  to  fever,  such 
as  hypoglycemia,  shock  and  death,  increased  resistance  to 
infection,  radioprotection,  resistance  to  neoplasia,  induction 
of  CSF  and  late  acute-phase  reactants,  and  others  (reviewed 
by  Vogel  and  Hogan  [in  press]). 

In  this  study,  we  sought  to  determine  whether  induction  of 
early  endotoxin  tolerance  by  LPS  is  mediated  by  soluble 
factors  produced  in  response  to  the  tolerance-inducing  injec¬ 
tion  li  e.,  the  sublethal  injection  of  LPS  given  on  day  0  to 
induce  a  state  of  resistance  to  a  subsequent  challenge  3  to  4 
days  later).  In  these  studies,  it  was  shown  that  neither  rIL-1 
nor  rTNF  injected  individually  (at  doses  which  induced 
levels  of  circulating  CSF  in  vivo  comparable  to  that  induced 
by  a  tolerance-inducing  injection  of  LPS)  induced  a  state  of 
early  endotoxin  tolerance.  This  was  assessed  by  production 
of  normal  levels  of  CSF  in  response  to  LPS  administered  3 
days  later.  Since  IL-1  and  TNF  are  coordinately  produced  in 
response  to  LPS.  we  hypothesized  that  induction  of  toler¬ 
ance  depends  upon  the  simultaneous  presence  of  both  solu¬ 
ble  factors.  When  administered  individually,  rIL-1  and  rTNF 
rarely  induced  overt  signs  of  toxicity;  however,  simulta¬ 
neous  administration  of  high  doses  of  the  two  cytokines 
resulted  in  frank  toxicity  and  often  death.  It  is  highly 
unlikely  that  this  is  due  to  synergy  between  rTNF  and 
contaminating  LPS.  since  the  maximum  amount  of  contam¬ 
inating  LPS  injected  was  >1.0(K>-fold  less  than  that  shown 
previously  to  induce  minimal  synergy  with  rTNF.  resulting 
in  death  (22).  Synergy  between  rTNF  and  rlL-1  was  evident, 
even  within  a  combined-dose  range  which  rarely  led  to 
deaths,  as  measured  by  induction  of  weight  loss  greater  than 
or  equivalent  to  that  induced  by  25  )i.g  of  LPS.  Within  this 
same  sublethal-dose  range,  the  two  cytokines  induced  re¬ 
fractoriness  to  LPS  challenge  in  a  dose-dependent  fashion 
(Fig.  3).  The  amount  of  contaminating  LPS  injected  with  a 
more  typical  tolerance-inducing  dose  combination  (e.g.,  7.S 
ixg  of  rTNF  and  2,0(K)  IT  rIL-1)  was  <0.003  ng.  Thus,  it  is 
more  likely  that  the  synergistic  toxicity  observed  by  Roth- 
stein  ami  Schreiber  (22)  is  due  to  LPS  induction  of  IL-1. 
which  in  turn  synergizes  with  rTNF.  These  tolerance-in- 
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ducing  combinations  of  rIL-1  and  rTNF  also  led  to  the 
hematopoietic  alterations  shown  previously  to  be  associated 
with  LPS-induced  early  endotoxin  tolerance  (11),  i.e.,  an 
increase  in  the  size  of  bone  marrow  cells  (Fig.  4)  with 
concurrent  enrichment  for  macrophage  precursors  (Table  1). 
With  respect  to  the  latter,  it  is  interes'ing  that  injection  of  7.5 
(xg  of  rTNF  alone,  but  not  5  )i.g  of  rl  NF,  led  to  a  statistically 
.;gnif.:ant  increase  in  the  number  of  macrophage  progenitors 
in  the  bone  marrow.  This  may  reflect  the  fact  that  high  doses 
of  TNF  administered  in  vivo  have  been  shown  to  induce  IL-1 
production  (8).  Thus.  rTNF-induced  IL-1  may  act  synergis- 
tically  with  administered  rTNF  to  increase  the  number  of 
CSF-l-responsive  progenitors. 

Taken  collectively,  these  findings  suggest  that,  in  vivo. 
LPS-induced  early  endotoxin  tolerance  is  mediated  by  the 
synergistic  action  of  LPS-induced  IL-1  and  TNF.  For  most 
cf  the  studies  performed,  combined  administration  of  IL-1 
and  TNF  has  been  shown  to  result  in  an  additive  effect; 
however,  a  precedent  for  synergy  between  these  two  factors 
exists.  For  example.  Beck  et  al.  (1)  showed  that  intradermal 
injection  of  natural  IL-1.  like  LPS.  led  to  attraction  of 
’‘Cr-labrled  neutrophils  to  the  site  of  injection.  iMovat  et  al. 
(17)  confirmeo  these  findings  by  using  rlL-1  and  extended 
:hem  by  demonstrating  that  the  combined  action  of  rlL-l  and 
rTNF  was  synergistic  in  producing  infiltration.  Similar  find¬ 
ings  were  recently  sported  by  Wankowicz  et  al.  (30).  Movat 
et  al.  (16)  also  demonstrated  that  mtradermal  injection  of 
rlL-1  and  rTNF  led  to  synergistic  induction  of  a  loca* 
Schwartzman  reaction  in  rabbits  challenged  intravenously 
with  endotoxin  18  h  later.  Neta  et  al.  (18)  have  shown  that  at 
doses  of  radiation  whi^h  c'osely  approach  100%  lethality, 
the  radioprotective  effects  of  rIL-1  and  rTNF  are  additive; 
however,  at  higher  levels  of  irradiation,  the  radioprotectior. 
afforded  by  combined  rlL-1  and  rTNF  injection  was  much 
greater  than  would  be  predicted  by  summing  the  protection 
afforded  by  injection  of  the  cytokines  individually.  For 
induction  of  certain  acute-phase  reactants,  such  as  serum 
amyloid  P,  simultaneous  administration  of  rIL-1  and  rTNF 
resulted  in  an  additive  response;  however,  combined  admin¬ 
istration  of  these  two  cytokines  led  to  synergistic  induction 
of  fibrinogen  (15).  Recently,  it  was  pointed  out  that  IL-1  and 
TNF  are  strongly  synergistic  for  generation  of  hypotension 
and  the  capillary  leak  syndrome  (6.  20).  In  studies  performed 
with  C3H/HeJ  mice,  synergistic  protection  from  itifection  by 
£.  coli  was  afforded  by  treatment  of  mice  with  a  combined 
rIL-1  and  rTNF  regimen  (G.  Saydoff,  personal  communica¬ 
tion). 

The  mechanisms  by  which  LPS  induces  a  transient  rever¬ 
sal  of  sensitivity  to  homologous  or  heterologous  challenge 
with  LPS.  i.e..  early  endotoxin  tolerance,  are  not  very  well 
understood.  Early  studies  in  which  peritoneal  macrophages 
or  Kupffer  cells  of  animals  rendered  tolerant  to  endotoxin 
were  found  to  be  refractory  to  stimulation  with  LPS  in  vitro 
(7,  21)  strongly  suggested  that  tolerance  was  a  function  of  a 
failure  to  produce  those  soluble  macrophage  factors,  such  as 
endogenous  pyrogen  or  prostaglandins,  shown  previously  to 
be  associated  with  endotoxin-mediated  toxicity.  Subsequent 
studies  by  Williams  et  al.  (31)  strengthened  the  role  of 
macrophages  in  the  induction  of  tolerance  by  showing  that 
injection  of  either  a  splenic  adherent  cell  population  or 
peritoneal  exudate  macrophages  along  with  splenic  nonad¬ 
herent  cells  was  essenti^  for  overriding  the  inability  to 
produce  CSF  in  recipients  rendered  tolerant  to  endotoxin. 
Lastly,  in  work  by  Madonna  and  co-workers  (10-12).  the 
tolerance-inducing  dose  of  LPS  was  followed  by  normal 
induction  of  macrophage-derived  products,  such  as  CSF  and 
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interferon,  but  resulted  in  a  depressed  capacity  to  produce 
these  same  factors  upon  LPS  challenge  3  to  4  days  later.  The 
kinetics  of  tolerance  induction  was  correlated  with  acquisi¬ 
tion  of  a  characteristic  change  in  the  cell-sizing  pattern  of  the 
bone  maiTOw  towards  larger  cells,  and  within  this  increased 
population  of  larger  cells  a  marked  increase  in  the  number  of 
CSF-l-responsive  macrophage  progenitors  was  observed,  it 
was  therefore  proposed  that  (i)  early  endotoxin  tolerance 
results  from  a  developmental  blockade  which  results  in 
accumulation  of  immature  macrophages  in  the  bone  marrow 
which,  in  turn,  limits  the  number  of  fully  mature,  LPS- 
responsive  macrophages  in  the  periphery  or  (ii)  initial  expo¬ 
sure  of  mature  macrophages  to  LPS  renders  them  refractory 
to  subsequent  stimulation  because  of  a  blockade  or  down 
regulation  of  the  LPS  receptor. 

The  data  presented  in  this  report,  that  rlL-l  and  rTNF 
synergize  to  induce  refractoriness  to  LPS,  as  well  as  the 
hematopoietic  changes  reported  previously,  suggest  that 
tolerance  is  induced  in  the  absence  of  LPS  and  is  mediated 
indirectly,  rather  than  by  a  mechanism  which  involves  a 
blockade  of  the  LPS  receptor.  Another  possibility  which 
might  be  invoked  to  explain  the  failure  to  respond  to  a 
challenge  injection  of  LPS  is  that  the  initial  injection  of  the 
two  cytokines  results  in  induction  of  a  state  of  tachyphylaxis 
to  IL-1  or  TNF  produced  in  response  to  the  LPS  challenge. 
If  this  were  so.  then  one  would  expect  to  observe  diminished 
toxicity  in  the  face  of  normal  levels  of  ciiculating  IL-l  or 
TNF  produced  in  response  to  the  LPS  challenge.  Prelimi¬ 
nary  experiments  have  indicated  that,  similar  to  the  reduced 
levels  of  CSF  and  interferon  in  circulation  following  LPS 
challenge,  animals  rendered  endotoxin  tolerant  produced 
significantly  less  circulating  TNF  upon  challenge  than  did 
control  animals  (dau  not  shown),  consistent  with  earlier 
findings  (7,  21)  that  macrophages  derived  from  animals 
rendered  tolerant  produce  depressed  levels  of  soluble  factors 
in  vitro  (e  g.,  endogenous  pyrogen  and  prostaglandins)  when 
exposed  to  LPS.  Thus,  failure  to  produce  adequate  levels  of 
cytokines  is  more  likely  to  underlie  the  observed  decrease  in 
toxicity,  rather  than  cytokine-induced  tachyphylaxis  to 
TNF.  Confinnation  of  these  conclusions  will  depend  upon 
the  availability  of  high-titered  anti-murine  IL-1  and  anti¬ 
murine  TNF  antibodies  and  the  demonstration  that  injection 
of  either  reagent  abrogates  induction  of  LPS-induced  toler¬ 
ance  in  vivo.  As  indicated  above,  the  hematopoietic  changes 
observed  in  response  to  a  tolerance-inducing  dose  of  LPS 
are  only  a  correlate  of  early  LPS-induced  tolerance.  The 
demonstration  that  anti-IL-1  or  anti-TNF  or  both  antibodies 
also  abrogate  the  hematopoietic  responses  to  a  tolerance- 
inducing  dose  of  LPS  would  strengthen  this  relationship. 
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